UNITED STATES DEPARTMENT OF COMMERCE
MAURICE H. STANS, Secretary

NATIONAL BUREAU OF STANDARDS » Lewis M. BRanscomB, Director

Kinetic Data on Gas Phase
Unimolecular Reactions

Sidney W. Benson

Stanford Research Institute
Menlo Park, California 94025

and

H. Edward O’Neal

San Diego State College
San Diego, California 92115

NSRDS-NBS 21

National Standard Reference Data Series, National Bureau of Standards (United States) 21, 645 pages (Feb. 1970)
CODEN:NSRDA

Issued February 1970

For sale by the Superintendent of Documents, U.S. Government Printing Office, Washington, D.C. 20402
tOrder by SD Catalog No. C13.48:21), Price $7.00.



Abstract

Available rate data on thermally induced, unimolecular, homogeneous gas
phase reactions of molecules and free radicals have been reviewed and critically
evaluated. Introductory discussion is given of theory and assumptions used in
compiling the selected data. Mechanisms of reaction are discussed. The major
portion (537 cut of 617 pages) of the work presents selected data, with references,
in the form of data sheets (one to two pages per molecule). Preferred values are
indicated and discussed.
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The National Standard Reference Data System provides effective access to
the quantitative data of physical science, critically evaluated and compiled for
convenience, and readily accessible through a variety of distribution channels.
The System was established in 1963 by action of the President’s Office of Science
and Technology and the Federal Council for Science and Technology, with
responsibility to administer it assigned to the National Bureau of Standards.

The System now comprises a complex of data centers and other activities,
carried on in academic institutions and other laboratories both in and out of
government. The independent operational status of existing critical data projects
is maintained and encouraged. Data centers that are components of the NSRDS
produce compilations of critically evaluated data, critical reviews of the state of
quantitative knowledge in specialized areas, and computations of useful functions
derived from standard reference data. In addition, the centers and projects estab-
lish criteria for evaluation and compilation of data and make recommendations
on needed improvements in experimental techniques. They are normally closely
associated with active research in the relevant field.

The technical scope of the NSRDS is indicated by the principal categories of
data compilation projects now active or being planned: nuclear properties, atomic
and molecular properties, solid state properties, thermodynamic and transport
properties, chemical kinetics, and colloid and surface properties.

The NSRDS receives advice and planning assistance from the National Re-
search Council of the National Academy of Sciences-National Academy of Engi-
neering. An overall Review Committee considers the program as a whole and makes
recommendations on policy, long-term planning, and international collaboration.
Advisory Panels, each concerned with a single technical area, meet regularly to
examine major portions of the program, assign relative priorities, and identify
specific key problems in need of further attention. For selected specific topics,
the Advisory Panels sponsor subpanels which make detailed studies of users’
needs, the present state of knowledge, and existing data resources as a basis for
recommending one or more data compilation activities. This assembly of advisory
services contributes greatly to the guidance of NSRDS activities.

The NSRDS—-NBS series of publications is intended primarily to include
evaluated reference data and critical reviews of long-term interest to the scientific
and technical community.

LEwis M. BRANSCOMB, Director.



The NBS Office of Standard Reference Data, as administrator of the National
Standard Reference Data System, has officially adopted the use of SI units for all
NSRDS publications, in accordance with NBS practice. This publication does not
use SI units because contractual commitments with the authors predate establish-
ment of a firm policy on their use by NBS. We urge that specialists and other
users of data in this field accustom themselves to SI units as rapidly as possible.
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MethyICYCIODIODANE. 1« cv v veenecsiuteastes e nes bbb
cis- or trans-1,2-Dideutero-3-methylcyclopropane
cis,srans-1,2-Dideutero-3-methylcyclopropane..............
cis-1,2-Dimethylcyclopropane.......o..oooiineiin.
trans-1,2-Dimethylcyclopropane............ooccoovineniiinn.
1,1-Dimethylcyclopropane............o..ooeiainne.
Ethyleyclopropane..........cooovvveiiiinnnne
cis-1-Ethyl-2-methylcyclopropane...........
trans-1-Ethyl-2-methylcyclopropane.........
cis,trans-1.2,3-Trimethyleyelopropane.......cooo e
1,1-DiethylCyCloPIOPANE. ...ccuvtiit it ittt ettt
1,1.2,2 TetramethylcyClopropane. ... ..ouuuiiiuiniiiin et ettt er e
BACYCIODTODYL. .. vt eieeiiii e et eet et e et



Vinylcyclopropanes: Page

VinylCYClOPTOPANE. ... cetceeiie et e ettt e e e e e e e et v e e e et e ena s et e eneennn e ainaanarens 237
cis-1-Methyl-2-vinyleyClopropane. ... ... veuuiiuieee it e e cee e e e e e e ereenernneene 238
trans-1-Methyl-2-vinyleyclopropane .. 239
1-Methyl-1-vinyleyclopropane..........c..ccocviiiveiiinnnian., 240
Isopropenyleyclopropane........oovviiiieiiiiiiiiiiiinicnenn, 241
trans-1-Cyclopropyl-1-butene..........occociiiiiiiiii e e eeae 242
1-Cyclopropyl-2-methyl-1-proPene.....covueurieeiiiierreeeeiiiiieie vt e ieeieieene e raraaaaeaeans 243
I-Isopropenyl-1-methylcyclopropane 244
1,1-Dicyclopropylethene................. 245
1-Cyclopropyl-1-cyclopentene 246

Halogen substituents:
FluoroCyClOPIOPANe. . .cvvnveereneiieei s e cii e e vt e e e et e e e s et e e e et e e e e st eranaennns
1,1-Difluorocyclopropane................
1,1,2-Trifluorocyclopropane..........
1,1,2,2-Tetrafluorocyclopropane
Hexafluorocyclopropane (perfluorocyclopropane)
Trifluoromethylcyclopropane. ...........ovuvvuuiiiiiiiiiieiiiiiiciss e aaaaa
2,2,2-Trifluoro-1-ethylcyelopropane.........c....oovvvevenniinniiniiineiiennnss
Octafluorovinylcyclopropane (perfluorovinyleyclopropane) .
Decafluoroallylcyclopropane (perfluoroallylcyclopropane)......... ... 255
ChloToCyClOPTOPANE. .. . .ot iitiiiiiireeiireiniiae et eei e e et eeer e e et e st eerneestnesrnnans 256
1,1-DichloroCyClopropane. ... .ocouiitiuter it etet e e e e e e e eaes 257
2,2-Dichloro-1-methyl-1-vinylcyclopropane (1-methyl-1-vinyl-2,2-dichlorocyclopropane...... 258
BromocyCloproPaNe. . .u.vu e et e e e e e 259
Diazirines:
Dimethyldiazirine. .. .......c.oii it e e
3,3-Diethyldiazirine. ...couiveveiiin it e e ieea e reearaet et er e e e aaeraanaiaenan
3,3-TetramethylenediaziTine. ... ... ocoeeiiiiiiiiiiii i e eaaneas
3,3-Pentamethylenediazirine
Difluorodiazirine. .. . .o vvvnieiiiiii ettt ea e
External double bonds:
Ethylidenecyclopropane...........coovuiiueiiiiiiiiiiiee et e e e e e ans 265
2-Methyl-1-methylenecyclopropane..... .. oiiiiveeiiiiiiiei e e e enaeens 265
Others:
Oxirane (ethylene oxide)..........coooviiiiiiiiiiiiiiinii e 266
B ,B-Dimethylcyclopropyl methyl ketone (2,2-dimethylcyclopropyl-1-ethanone)............... 267
Perfluorooxirane (tetrafluorooxirane; tetrafluorethylene oxide).........c.c.ocvvveieernnniinuennnn. 268
Cyclobutanes:
CYCloDULANE. .. ..eievee it it ittt e et e e e et e e et e e e et e e et raraaan
MethylCyCloDHEANE ... .ceeeiiuiiiiiritiee et et e e et e e e s e e eeeeeeeeaeeseanas
trans-1,2-Dimethylcyclobutane...........ooouuiiiviniiiinniiiiiei ettt
cis-1,2-Dimethylcyclobutane
Ethylcyclobutane..........ccccocoiviiiiiiinninnni..
n-Propylcyclobutane
Isopropyleyclobutane. ...,
ISOPropenyleyClobULANne. .. ...ccevveiii i et e e e e aans
Oxysubstituents:
Oxetane (trimethylene oXide).......cc.iiieiiiiiiiiiii vt e e ae
3,3-Dimethyloxetane (3,3-dimethylketane)....
Cyclobutane carboxaldehyde................cocooiiiniiiinnnn...
Ethanoylcyclobutane (methyl cyclobutyl ketone).............
Propionylcyclobutane (ethyl cyclobutyl ketone)..............o.oiiiiiiiiiiueeiieeieeeeeeeeeeeeaeeees 281
Methyl cyclobutanecarboXylate. ... .uuuueieieiiiieniiiieeirineeseee e eeee e eese e e e arenanns 282
External Double bond:

Cyclobutenes:
CYCIODUIENE ... cet ettt et ettt 285
1-Methyl-1-CyCIoBULENE ... oot venvinevvii e ettt ettt e e e e ee e reeae e 286
3-Methyl-1-CyClobULene. .. ... .c.oivviuiiiiiiiiiii e e e e e e e eeeaeaeanaas 287
L-Ethyl 1-CyClobUtene. .. ... vuniiniit et v et ee e e e e e an 288



1,2-Dimethyl-1-cyclobutene.........ocoeeiiiiieeiriin i ceees et 289
1,3-Dimethyl-1-CyclobUtene. .. ... cooovvieieiiieeiie et 290
2,3-Dimethyl-1-cyclobutene.........ccovvuuireeeiiiiiiiiiriiie e 291
trans-1,2,3 4-tetramethyl-1-cyclobutene.... 292
cis-1,2,3 4-tetramethyl-1-cyclobutene. .. .... 293
Fluorine substituents:
Perfluorocyclobutene. .............coieeiiiiiiiiiiiieis e, 294
Perfluorocyclobutane.............cooeeeiiiiiiiiiniiiiseeeiieeeeeiaeeeinn, 295
cis-1,2-Dichlorohexafluorocyclobutane 296
(cis or trans)1,2-Dichlorohexafluorocyclobutane............vovviivevunneeeeeneieenessenienesnnnnnn, 297
cis-Hexafluoro-1, 2-bis-trifluoromethylcyclobutane. .. ..........covvvueeiieeeeenssseeeseeeeeinnns 298
trans-Hexafluoro-1, 2-bis-trifluoromethylcyclobutane..........coveeueeeeeeeeiviiiiiineesrnseninnnn, 299
Decafluoro-1,2-dimethyleyclobutene... .........ooo.vviieiiiiiiieeeiiiiiieeeseesseeeeeieee, 300
Five-Membered Rings
CYClOPENEENE. .....oeeiiiiiiiiiiiiiiiie et e ettt ee e et e e e e e e e e e eesn 301
1.5,5-Trimethyl-1,3-cyclopentadiene. .............ccoueviiiiieieiieeeeeeesseeeeeeeee oo 302
2,5,5-Trimethyl-1,3-cyclopentadiene. ..............ccc..oooiueeeeeee e 303
2,5-Dihydrofuran 304
Pyrazoline..........ccooviviieeeiiiiiiiinieiiiee e 305
Methyl-substituted pyrazolines 306
Six-Membered Rings
Cyclohexene........oooiiiiiiiiiiiiiiii e 307
1-Methyl-1 4-cyclohexadiene 309
4-Methylcyclohexene 310
4-Vinylcyclohexene...........ocovvvieieiiiiiiiiiiiieinnen.. 311
1,4-Cyclohexadiene 312
1,4-Dioxane.....cccovvveineiiiniinncnnininne, 313
1.3,5-Trioxane.......ccccooviiiiiiiiiininiiiiinn, 314
2,4,6-Trimethyl-1,3,5-trioxane {paraldehyde)................. 315
2,4,6-Tri-n-propyl-1,3 5-trioxane (para-n-butyraldehyde)...... 316
2,4,6-Tri-isopropyl:1,3,5-trioxane (para-isobutyraldehyde) 317
Other rings:
Cycloheptatriene. .. ... .........coii ittt e 318
1,5-Cyelooctadiene. .. ......cooooiiiiiiiiiiiiiei et eraas 319
Polycyclics:
SPITOPENLANE ..ttt tttiiiiiiii it ettt st e e e e e erestaessasn e raneetnaaeestneeraneees 320
Bicyclo[1,1,0]butane. .......c.uveeriiienniiiriiiiiiieeeiiiiceee e 321
1,3-Dimethylbicyclo[1,1,0]butane 322
Bicyclof 1,1, 1] Pentane.........ccovuvueiiiiiiiieeiiiiiin ittt e e aaes 323
1,3-Dimethylbicyclo[1,1,1]1pentane. .. .........oooeciiiiiiniriiieeriineiiieiei e ee e e 324
Bicyclo[2,1,0] pent-2-ene 325
Bicyelo[2,1,0]pentane...........ccccoeiniiiiiiiiee e, 326
cis-2-Methyl[2,1,0]bicyclopentane............coccoevvuniiiiiiniinnnnnne. 327
trans-2-Methyl[2,1,0]bicyclopentane 327
Bicyclo[2,2,0 TReXane. .. ......ovuuvier e ettt et 328
Bicyclo[3,1,0]hex-2-ene 329
Bicyclo[3,1,0Jhexane..........c..cooiiiiiiiiiiii e 330
Bicyclo[2,1,1Thexane........cccoevveiiiiiiiiiiii e 331
Bicyclo[3,2,0 T heptane.......c.oeiiiiiii i e et r e 332
Bicyclo[3,2,01Nept-b-8NE. .. .cuieiireeeriiiierenirrrieraeieeerieeetneeerie e e et e e e aeetai e rrnas 333
BicyClof4,2,0 ] 0Ct-T-EME. . uu iin i ee et e e e r et e 334
Bicyclof2,2,1]-hepta-2,5-diene 335
Bicyclo[2,2,1]hept-2-ene 336
2,3-Diazobicyclo{2,2,1 Jhept-2-ene.........oouviuiiiiriiieeiiiii e iieeee e eee e e ar e aens 337
2,3-Diazobicyclo[2,2,2]0Ct-2-6N€ .. eeuueiiiiiir et 338
Bicyclo[5,1,0]oct-2-ene.......cceen.... 339
Cycloocta-1 4-diene........cccovivenennneee - 339
Tricyclo{3.3,0,02%] octane 340
B-PInene......oooiiiiiiiiiiiiiii v e e e e aa s 341
Endo-dicyclopentadiene........ccccoouiii it it 342
Exo-dicyclopentadiene 343
Quadricyclof[2,2,1,028 085 heptane. .. ..ccovuviieeeereeveeieeeeeeeeiiiieeeeneeeiiesrariereraneareienes 34
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Endo-bicyclo[2.2,1 hept-5-ene-2-carboxaldehyde (endo-5-norbornene-2-carboxaldehyde;

endo-methylene-2 5-tetrahydrobenzaldehyde )........cccoocciiiinn, 345
3. Isomerization Reactions (Other Than Cyclic Compound Reactions)
cis-1,2-Dideuteroethene..... ..o, 349
trans-1,2-Dichloroethene... 350
cis-2-Butene.......ccoooiiiiiiininan., 351
Perfluorobutadiene (hexafluorobutadiene)..........oocoviviiiiiiiiiini 352
trans-Perfluoro-2-butene 353
cis-Perfluoro-2-butene..............ooooiiiviiiiinne, 353
cis-1,2-Diphenylethene (isostilbene)...................onee. 354
Dimethyl-cis-1,2-ethendioate (dimethyl maleate) 355
Methyl-cis-2-butenoate (methyl-cis crotonate)............oocoviiiiiiiiiiiiiiiiiii e 356
Methyl-cis-cinnamate 357
(cis-2-Butenenitrile) cis-crotonitrile............c.oooiiiiiiiiiiiiiiiiiiiii e 358
CIS-B-CYANOSTYTENE. .cutivniietiiii ittt et e e et e it e ea s et e st e et et e st s aaeeannsanaes 359
1,1,6,6-d5-1,5-HeXadiene. ... enee ittt et e e e e ea 360
1,5 HePtadiene. .ccuu it crieeiniii vt e an e aa e 361
3-Methyl-1,5-hexadiene.............c.covvvereneniiiniininnnnn. 362
3-Vinyloxy-1-propene (vinyl allyl ether).................... 363
3-1sopropenoxy-1-propene (isopropenyl allyl ether) 364
2-Methyl-3-vinyloxy-1-propene (2-methallyl vinyl ether) 365
1-Buten-3-yl vinyl @ther..... ... e e eae 366
1,2,6-Heptatriene.......ccccoeveniniiinininnen, e 367
cis-1,3,5-Hexatriene...............cooeev e ... 368
cis-1,3-Hexadiene..........cocovvvivivininnnn. ... 369
2-Methyl-cis-1,3-pentadiene 370
4-Methyl-1,3-pentadiene. .. .c..coiiuiiiiiiiiiiiaeie et e e e ee e et e a e et ersaaaenss 37
3,7-Dimethyl-1,6-octadiene.......................... 372
Methyl isocyanide... 373
p-Tolyl isocyanide .o 374
(1)-2,2'-Diamino-6,6-dimethyldiphyeny! racemization (I, d) isomer......................cooveenen. 375
trans-Difluorodiazine. .........c. ittt 376
INIEFOSOMMETRANE. ... ..itiiiiit ettt e e e e e e et et a e s e s e s e eienn e 377
4. Simple Bond Fission Reactions
Alkanes:
Methane . 381
Ethane.............ccooveiiinnnnnn.n. 383
n-Butane 385
2,2-Dimethylpropane (NEOPENLANeE)........evvuurernernrerirerrerrireneeennerirrineerersnesrssenoaesnrees 386
2,3-DIimethylbUtane. ... .cc.oouiiniieiiiiii et 388
2,2,3-TrimethylDUtane..........ccoiiiiuiiiiiiiiiii e eee b e e e s e ans 389
2,2,3,3-Tetramethylbutane (hexamethyl ethane).....................cooiviiiviniiiiiiiiiiein, 390
Alkenes and aromatics: '
Propene (Dropylene).....civu i iieiiiiieeiiiiiie i eier e e et erae e e e st st e et arn e eieans 391
L BULEIE. oaaiiie ittt i et e e e ettt e e et e e e e eann 392
2-Methyl-1-butene (2-methylpropene; iSobutene)...........coovevvvviunrieeeennieeireeriieeeseennnens 393
Toluene.................... ettt et raenta e raraas 394
Ethylbenzene......... 397
n-Propylbenzene 398
n-Butylbenzene............ooiiiiiiiiiiiiii e 399
Isopropylbenzene (cymene) ... 401
E-BUtYIDenzene. .........iiiiiiiiiii e ans 402
p-Isopropyltoluene (p-cymene) 403
Dibenzyl (1,2-diphenylethane) 404
o-Xylene.......ccoceeninnn.. 405
MEXYIEnE. ..o s o 406
D-XYIENe. ..o e 407
1,2-Methylnaphthalene (o and 8-methylnaphthalene)...............ccoccovvvriiiiiiiieiesrenenn.., 408
Para, ortho, and meta flUorotolUENES. ... .. eumeiieeeeeeeeeee e, 409
, B, and Y- PICOolNes. ... 410
Oxygen compounds:
Acids:
Phenylethanoic acid (phenylacetic acid)..........coovvieiiiiiiiericiciii e 411
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Diphenylethanoic acid (diphenylacetic acid)

412
Peracetic aCid..........ccoiiiiiiiiie e et 413
Ethers:
Dimethyl ether......c..ooiiviiiiiiiii e 414
Diethyl €Ther..........civit it e et e e e et e e e e e e e 415
Ketones:
Propanone (ACELONE)............oovuiiiiiiniii et 416
Acetophenone 417
1-Phenyl-2-propanone (benzyl methyl ketone).... 418
Benzophenone...........ccooiviiiiiiiiiiii e 419
1,3-Diphenyl-1,2-propanone (dibenzil ketone)..............ccoveuvenniuninn. 420
1,2-Diphenyl-1,2-ethanedione (benzil)..............ooooiinimiii e oo 421
1,1,1-Triflacro-2-propanone (triflUOTOBCEIONE).. ... .uu's ceerneeeeee et e e eeerees s 422
a,a,a-Trifluoroacetophenone 423
2,3-Butanedione (biacetyl) 424
Esters:
Benzylethanoate (benzyl Cetate)........ouviveieniiiiiii et e e ee e eaaas 425
BenzylDenzoate. ... .....cccvvuiiiniie i e 426
Peroxides:
Dimethyl peroxide 427
Diethyl peroxide........coovviiiiiiiiiiiiiiiii 428
di-n-Propylperoxide 429
di-t-Butyl peroxide 430
Diethanoyl peroxide (diacetyl peroxide)..........cc.cceeeiiiiiiiinriiriiiieneiiiiiiieeee i eeesiaan, 432
Dipropanoyl peroxide (dipropionyl peroxide)... 433
Dibutanoy! peroxide (dibutyrl peroxide).............cooovniiiiiiiiiiiiiiiiiie e 434
Hydroperoxides:
Methyl hydroperoXide.......vvvvvrerieriuienriareiieniieiaeiatrearteierueieeaenrenereaoenrsessreneaneernenns 435
Ethyl hydroperoxide............... 436
Isopropyl hydroperoxide 437
t-Butyl hydroperoxide..........ocoiiiiiiiiiii i 438
Amines:
Hydrazine.......c.oonirniiiiii et 439
Methylhydrazine......... 441

1,1-Dimethylhydrazine
Benzylamine (phenylaminomethane)
N-Methylbenzylamine...........oiceeueiniiiiiiniiiicrii et ees e
Phenylhydrazine..........ccoooiiiiiiiiiiiii e e
N-Methylaniline
N,N-Dimethylaniline

Primary azo compounds:
A ZOMIEEANE ... ettt et ettt et e et e e aet e e ettt a e aeaeas
Hexafluoroazomethane (perfluoroazomethane)
Azoethane... ..o iiivi i
Azobutane............oociiin
1.1'-Azoisobutane
Secondary azo compounds:
AZOISOPIOPANE ... c..tvt vt ieiii e e et e et et et e e e et e e e e v
2.2'-Azobutane

Tertiary azo compound:

2,2'-AZ0ISODULANE ... ...ovii e ettt e v e a e 457
Complex azo compounds:

AZOTOIUENIE . .. coe ot 458

Tetramethylletrazine .. .. ...oovnieniiiaiie et 459

T etraethylleIrazine. .. ...iviiiii it 460
Cyanides:

Propanonitrile (ethyl cyanide).........ooviirueiiinieir et

2,2-Dimethylpropanonitrile (¢-butyl cyanide)...........
2-Methyl-2-phenylpropanonitrile (cumyl cyanide)
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Nitrites:

Nitritomethane (methyl RIFIte)....oooiiini

Nitritoethane (ethyl NItFte)..........iariiiiiinniiiriii s

1-Nitritopropane (n-propyl nitrite)........occeeniiiniinii

9-Nitritopropane (isopropyl nitrite)

1-Nitritobutane (2-Dutyl DIIFIE). .. cc.vvviiiiriarii s
Nitrates:

Nitratomethane {methyl DIEFaTE)....... vt 470

Nitratoethane (ethyl NItFBLE).......uuuviriiiiimeeiiiire i 471

Collection Of AINILTALES, E1C. ..utrernrurrneenreetnenesenanirreueierarasraeasirearstaittensratesracanios 472
Nitro compounds:

Nitromethane 473

Nitroethane.........ccoovevieenennns 475

NitrotriChloTOMENANE ... ..ot et e ie ittt te it e reereea st st en s e aaaeaes 476

T et ranitEOMEIRANE ... et vvenineeieet et cet e sttt et ae e e a e s aaas et st sttt et a et st taates 477
Other nitrogen compounds:

Ethanoldoxime (acetaldoxime) 478

Dimeric NItrosOmMetRane. ... ...vvvriiiet e eer e ceane e e et eer s e i saeneens 479

Dimeric-2-methyl-1-nitrosopropane (dimeric nitroisobutane).........c...coooivi . 480

DHAZOMEERANE . <. c. et e ie it eeer et et et e st e ettt e naras et st essaaraacasnstaeanseaetasans 481

Azidomethane (methyl azide) 482

Azidoethane (ethyl azide)............oooviiiiiiiiiiiiii 483

Sulfur compounds:
Methanethiol (methyl mercaptan)
Ethanethiol (ethyl mercaptan)

Phenylmethanethiol (benzyl mercaptan)..........ooouuvieiniiiinemmiiinneen,
Thioanisole (phenylmethyl sulfide)...........ccovviiiiiiiinii
Methyl benzyl sulfide.......c.ocooiiiiiiiiii e
Methanylsulfonylphenylmethane (benzyl methyl sulfone)
Methanesulfonylmethane (dimethyl sulfone)...........o.oooiiiin,

3-Methanesulfonyl-1-propene (allyl methyl sulfone).............iin

Halides:

PerfluOTOCINANE .. .. oreeeriiee it et e et et et ettt r e e e et a st ea s
PerfluOrOPIOPENE ... e it venis et ettt e et e a et
Perfluoro-2-methyl-1-propene (perfluoroisobutene)
Bromomethane (methyl bromide).............ooooeviinninnn,
Dibromomethane {(methylene dibromide)

Tetrabromoethane (carbon tetrabromide)

Chlorobromomethane. .........vviiaiirrieirereriieiiicreiir i s e e e rarassasenrnnes
Dichlorobromomethane...............

Trichlorobromomethane..............

Trifluorobromomethane...............

Tribromomethane. ... oo .vuviiiiiiii e e e
BrOMODENZENE. .. .covteeeenisieeiieesertaes et svieseeenasssnaasreereesistaeenaertneneassssennetsntnsernnns 503
Substituted bromobenzenes............c.coeeiieiieiinniiinnss ... 504
2. and 3-Bromopyridene. ... ... coovvviieeriiiieeiiniiiis veen 505
1- and 2-Bromonaphthalene (a- and B-bromonaphthalene)..... ... 9506
9-Bromophenanthrene and 9-bromoanthracene.... 507
2-Bromothiophene..........cccoviviveriiiimininiiinnn ... 508
3.Bromo-1-propene (allylbromide)...........coooiiieeriiimiiiniiiii s 509
Bromophenylmethane (benzyl bromide)............ooooiiiiiiiiiiiniii 511
Substituted bromo phenylmethanes (substituted benzylbromides).............cccocoveeernnnn.. 512
p-Bromomethyltoluene (p-xylyl bromide)

®, ' -Dibromo-para-xylene....................

Benzoyl bromide........ccccovrnviniiiiiiiiiiinninn,

Chlorophenylmethane (benzyl chloride)...........

Benzoyl chloride. ... ..oeoiieiuniiieeiriiiiiiiii e e st et
lodoethane (ethyl iodide)
Metallic compounds:

Dimethylmercury.........covoiiiiiiiiiiiiiiic e

Diethylmercury..............
Di-n-propylmercury.....................
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Dimethylcadmium
DAmethylZine. ... a e
Trimethylarsine
tris-(Trifluoromethyl)arsine
Trimethylbismuth........................
Trimethylgallium........................
Trimethylindium
Trimethylantimony
Trimethylthallium
Germane.............coevviivviniinnnnn.

Tetraethyl lead
SHIANE. 1ttt ce e et e e e e e e e e et e ra e et ean et et e niaaaaanas
Tetramethylsilane (silicon tetramethyl).............ccoooiiiiiiiiiii e
Tetraethylsilane (silicon tetraethyl)..................
Tetra-n-propylsilane (silicon tetra-n-propyl)...
Hexamethyldisilane............................ll
Tetramethyl tin.....coooiieii e
Dichlorodimethylstannane (dimethyl tin dichloride)
Boron: '
Diborane..........c.....coeue...
Borine carbonyl
Trifluorophosphine borane
Inorganic nonmetal oxides:

Dinitrogen oxide (Nitrous oXide)........cccoveriiiiiiiiiiiiiiniiii e
Dinitrogen tetroxide..........coooviviniinianee.

Dinitrogen pentoxide
Nitryl hloride. .. .even e e
Nitroxylfluoride (luoTine NILTALE)........ceiieiiiiiiiiiiiiiiiiin e
Chlorine nitrate (nitroxylchloride)
Difluorine dioxide.......ouuvniieiiiiiiiiiicienr e
Chloryl fluoride
Perchloryl fIUOTIde. ... ovvvveieeeeiiieie ettt e
Dichlorine heptoxXide........cooviriiiiiiiiiiiiiii s e e
Perchloric @Cid....ocociuiinir e ee sttt e ettt r e e e e e e e e b b e e

5. Free radical reactions
Ethyl radical.........coviitiiii e e s e e e e
n-Propyl radical
2-Deuteroisopropyl and isopropyl radical...........c.ccooiiniiiiii
Cyclobutyl radical.......cooiiiiriiii e e e e e
1-Buten-4-yl radical........oooe it e et e e a e e eas
n-Butyl radical... . ... e e e aas
sec-Butyl radical (1-methyl-1-propyl radical)
t-Butyl radical..........c.oooii
Isobutyl radical
Cyclopentyl radical
Neopentyl radical........cooiiiiiriiiiii et e e e en s et e s teran e reeeannansannes
1-Methyl-1-pentyl radical (2-hexy! radical)
Formyl radical............n
Hydroxymethyl radical
Acetyl Tadical.....oooviiiiiii e
Epoxyethyl radical.......ccoooiiiiii e e e e s e ene
Ethoxy radical..... ..o e
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2-Oxo-1-propyl radical (acetonyl radical) 593
Isopropoxy radical 594
sec-Butoxy radical 596
£-Butoxy radical........oooieeoiiiiiiii e . 597
1-Ethoxy-1-ethyl radical.............ooiiiiiiii i e 600
4-Ox0-2-heptyl radical... ... 602
Methyl peroxymethyl radical............ociiiiiiiiiiiii e 603
Perfluoro-t-butoxy radical 604
2-Chloro-1-ethyl radieal.............cooeeieiii, 605
1,2-Dichloro-1-ethyl radical.............c...coooiviininl, 606
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1. Introduction

1.0. Purpose and Objectives

This collection of chemical rate data has been
made under the auspices of the National Standard
Reference Data System. The purpose of the
collection is to satisfy the following needs:

a. To provide in a convenient format a listing
and referencing of all available reaction rate data
for first-order, unimolecular, homogeneous, gas
phase reactions.

b. To provide insofar as possible a critical eval-
uation of the reported kinetic parameters for each
reaction.

c. To compile rate constants and Arrhenius
parameters for each reaction and provide as much
additional information as may be necessary for
the reader to make an independent decision re-
garding the validity of the reported data.

d. To provide a primary rate data collection to
which future kinetic results pertinent to uni-
molecular, homogeneous gas phase reactions may
be conveniently added.

e. To indicate those areas in which theories of
kinetics and existing rate data are nonconcordant,
and by so doing provide a background with which
future experimental investigations may be both
planned and compared.

2.0. Scope and Limitations

Our aim has been to review all available rate
data on thermally induced unimolecular, homo-
geneous, gas phase reactions of molecules and
free radicals, and to present as comprehensive a
collection of these data as possible. Literature
through December 31, 1966, has been reviewed.
Reactions of special interest appearing in print
between - January 1, 1967, and February 1, 1968
have also been included.

335-876 O-70—2

Although every effort has been made to effect
as thorough and complete a survey as possible,
it cannot be claimed with certainty that all re-
actions properly belonging to this monograph have
been reviewed. Nor can it be claimed that all
available data for any particular reaction listed
have been presented. In some instances early
literature was extensive, although not particularly
reliable. Such literature has been intentionally
omitted, or only selectively listed. (Many pyrolysis
reactions originally listed in the literature as uni-
molecular have been omitted without comment
where, in our opinion, the reactions were clearly
complex chains.)

The initial collection (date of issue February 1970)
has been limited to the reaction kinetics of ther-
mally equilibrated molecules and free radicals.
Ionic species have not been included. Also absent
are the reaction kinetics of vibrationally and/or
electronically energetic reactive intermediates
produced photochemically, by chemical activation,
or by high-energy radiation. “Unimolecular” re-
actions which are not first-order (i.e., those in their
low-pressure or pressure-dependent regions) have
been reviewed only in those cases where extrapo-
lations or calculations were made to provide
estimates of the limiting high-pressure first-order
rate constants.

Evaluations of the reaction rate data neces-
sarily reflect the opinions, views, and possible
prejudices of the compilers. The reader should be
well aware of the assumptions and ground rules
followed by the authors in making decisions on
the credibility of the reported rate constants and
rate constant parameters. To this end, the dis-
cussions on mechanisms relative to each “‘reaction
type” are pertinent. (See also sections I-3 and I-4).



3.0. Assumptions

a. Gases are ideal.
b. The Arrhenius equation is a sufficiently ac-
curate description of a rate constant

k= Ae EIRT gec! [-3.0-1

log k=1log A—FE/0 I-3.0-2
with #=2.303 RT in units of kcal/mole.

c. Forward and reverse rate constants of a reac-
tion (even though determined under conditions far
from the equilibrium state) are related through the
equilibrium constant by the equation,

K=kdk, I-3.0-3
where k; and k&, are the specific rate constants of a
reaction in the forward and reverse directions,
respectively.

d. In the high-pressure limit of a unimolecular
reaction, molecules of the activated complex are in
true equilibrium with reactant molecules. Transi-
tion state theory is accepted.

e. The activation energy for radical-radical re-
combination at 0 °K is zero (i.e., AEqi,=0 at 0 °K).

f. The heat capacity of activation for radical-
radical recombinations expressed in the concentra-
tion standard state is zero. This particular assump-
tion is discussed in detail in the Bond Fission
Reaction section (i.e., (AC:) e =0).

4.0. Thermodynamic Relations of a Unimolec-
ular First-Order Reaction

a. The general first-order reaction stoichiometry.
ad =—=bB~+cC I-4.0-1

b. Thermodynamic relations.

AH°=3AH; (products)—2AH; (reactants)

-4.0-2
AH®=bAHZ(B) + cAH}(C) —alAH3 (A)
1-4.0-3
AS°=35° (products)—2S5° (reactants)
AS = bS°(B) +e°(C) —aS° () | o
€ 4.0-5

nd finally,

AG*=AH°*—TAS°= —RT In K, T1-4.0-6

c. The 1 atm standard state is assumed through-
out.

4.1. Thermodynamics of the Transition State

a. General activation reaction.

t
3aid; — (T ) — products

-4.1-1

b. Thermodynamic relations.
AH*=AHY(T) —SabHy(A:)  1-4.1-2
AS*=5(T)*—Zai8*(4;) 1-4.1-3

Note that the entropy of the transition state (S°(T)*)
does not include the entropy contribution of the
reaction coordinate. Finally,
AG*=AH*—TAS*=—RT In K% I-4.1-4
Again, the equilibrium constant (K¥) between the
transition state and the reactant excludes the con-

tribution of the reaction coordinate to the transition
state.

4.2. Transition State Theory and the Rate Constant

a. The transition state form of a rate constant is
given by the equation
k=«kvK'*. I-4.2-1
Here « is the transmission coefhicient, » is the fre-
quency with which the activated complex crosses
the transition state to products, and K'* is the com-
plete equilibrium constant between the reactants
and the transition state. When the reaction coordi-
nate is factored out of the equilibrium constant,
either as a very loose vibration or as a translation,
I-4.2-1 becomes (see, for example K. J. Laidler,
Chemical Kinetics, McGraw-Hill Book Co., New
York, 2d ed., p. 72)

F4.2-2

In the above, the transmission coefficient has been
set equal to unity and K* has been previously de-
fined (I-4.1-4). In this form, transition state theory
reduces kinetics to thermodynamics. As such, the
thermodynamics of reactants, products, and
transition states have been a primary concern of
this monograph. In fact, the principal criterion
used to evaluate the reported reaction rate data has
been the estimated thermochemistry of transition
states.
b. Classical form.
Writing K in terms of entropy and enthalpy one



obtains,

A'— k"lT A57/R X e—A"’l/RT 1_4‘.2_3

c. Statistical form. _
From statistical thermodynamics we have the
following relations:

Qe oy
( 7 -4.2-4
He— H¢
Se= Mﬁt kln(Z) -4.2-5

T

Substitution of the above into 1-4.2-3 for the gen-
eral activation reaction (I-4.1-1) gives,

* ant
b= "hT H‘g),,l (N) -AHYRT 14,276
or f= ZCI Q! (K)A":t e-AESRT
h QRN F4.2-7

In the above, ¥ has been factored from the transla-
tional partition functions (i.e., ®=QV) in order to
more clearly indicate the choice of thermodynamic
standard states and also the units of the rate
constant.

4.3. Transition State Theory and the Relations Between
the Experimental Activation Energy and the Enthalpy
of Activation

a. By definition, the experimental activation

energy is given by,

din ke,
dr

d . kT 0
—_ 2| —_
RT [dTlnh+d In (noa)

s d, (V\_d (AE}
+An—In (ﬁ) - ( RT )] 4.3-1

E=RT?

b. For a unimolecular reaction (An*=0),

AH}= AE}. Then from 1-4.3-1,

Ewn.= RT+ (AE{—AEJ) + AES, and
E@ny.= AEf+RT= AH,¢+ RT -4.3-2
c. For a bimolecular reaction (An =)

AH}= AE;—RT.

(1) With the rate constant expressed in concen-
tration units, k. (e.g., k (I/mole-sec),

Eewp=RT+AE;=AH{+2 RT 1-4.3-3

(2) With k expressed in pressure units, k, (e.g.,,
k (atm~1sec™)).

(Note that V=I;-—7-1 in 4.3-1.)

Epon=RT+AE}—RT=AE}- 1-4.3-4
Since AH}=AE}—RT -4.3-5
and AE7=AE#+ T(AC*), -4.3-6
where T
T(AC)) = f ACHT,
(4]
one may also write,
Epwny = AH{+RT
1-4.3-7
or,
Epwp = AEi+ T(ACY). -4.3-8

The latter relation (I-4.3-8) is discussed at some
length with regard to radical-radical recombination
reactions in the bond fission reaction section (V=3.0).

4.4, Transition State Theory and the Relations Between
the Arrhenius 4-Factor and the Entropy of Activation

a. Experimentally, the activation energies of re-
actions are usually obtained from Van’t Hoff plots

. 1 ..
(1.e., log k versus -T—) Similarly, rate constants are

usually reported in the Arrhenius form.

Thus, k= Ae kT I-4.4-1

The relations between the experimental activation
energy and transition state theory have been pre-
sented in section I-4.3. From I-4.2-3 and the appro-
priate activation energy relations of 4.3, the
corresponding relations between the Arrhenius
A-factors and the transition state entropies can be
obtained.

1. Unimolecular reactions, units of k (sec™!),
(see 1-4.3-2).

ekT

A== AR (gec1). -4.4-2



2. Bimolecular reactions, units of £ (1/mole-sec),
(see 1-4.3-3).

e2kT

A= W edstin (1/mole-sec). -4.4-3

3. Bimolecular reactions, units of k£ (atm™! sec™!),
(see 1-4.3-7).

ekT | &

A = eASTR (atm~! sec™?). I-4.4-4

It should be emphasized that AS? is always the
entropy of activation for the pressure standard state
and does not include the entropy contribution of the
reaction coordinate in the transition state.

4.5. Thermodynamics and the Arrhenius Parameters of
Bond Fission Reactions

a. For the reaction,

Ky
R—R' <<= R+R’ 1-4.5-1

kp

the thermodynamics have been defined in section
I-4.0 and the kinetic relations have been given in
sections I-4.3 and I-4.4. Since K= (kf/ks), we have

A —Eﬁ’RT
AT,

K = eASHR X g~ AHYRT — .
Avpye=Eoirr

b. The activation energy for bond fission reactions.
1. For rate constants using the pressure stand-
ard state, the exponential terms are directly related

to AH®. Thus,
Eypn=AH7+ Epg). 1-4.5-3
Also, Eup=AH+ AE+ (T)(ACH) )
and since we have assumed AE;=0, this becomes
Ey=AH;+ (T)(ACHwr  14.5-4

2. For rate constants using the concentration
standard state,

E.=E,—An*RT=E,+ RT=AH¢
+T(ACY)+ RT=AES+ 2RT.  1-4.5-5

c. The A-factor for bond fission reactions.
1. When the rate constant for recombination is
in pressure units, the A-factor ratio is directly

related to AS°. Thus,

Ap(sec—1) = Ape *5i/K

+

and Ar= kpgne (BC)iR X g ASi/R -4.5-6
2. When the rate constant for recombination is

in concentration units, conversion to pressure units

and equation I-4.5-6 gives

ky t .
Afsee—1)= R(CT) e (ACR g ASHR I-4.5-7

5.0. Thermochemical Data Sources
See references [1-16], p. 61.

6.0. General Index

a. Filing order.

In general each reaction is listed on a separate
sheet. Exceptions to this rule are those reactions
which have been studied collectively under iden-
tical experimental conditions for correlation pur-
poses (e.g., the study of inductive, resonance, and
steric effects of group substitutions located some
distance from the reaction center(s)).

b. Classification and subclassification.

Molecular reactions are classified in one of four
reaction types: (1) Molecular eliminations (or com-
plex fissions); (2) Isomerizations of noncyclic com-
pounds; (3) Cyclic compound reactions; and (4)
Simple bond fissions. (See index for complete
details.) Free radical reactions are treated as a
fifth and separate group. Within each- of the four
major categories, reactions are subgrouped accord-
ing to mechanistic and structural similarities. This
offers the reader the distinct advantage of being
able to rapidly scan the results for many reactions
of the same kind.

c. Reactions have been indexed alphabetically
in terms of the reactant(s). The section index lists
the categories and subgroups into which each re-
actant molecule has been filed.

7.0. Reaction Sheet Information

7.1. Reaction Thermodynamics

Tabulated below the reaction are the standard
state (1 aim, ideal gas) molar entropies, heats of
formation, and specific heats of reactants and
products at 25 °C. In most cases the thermody-
namic values listed are those calculated or esti-
mated from group additivities (Appendix A). The
probable errors in these values should rarely exceed
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*1.5 g/mole in S° and (:";, and £1.5 kcal/mole
in AH}. Estimates which have greater uncertainty
have generally been placed in parenthesis. For
convenience the estimated reaction entropy,
enthalpy, and heat capacity are also given.

7.2. Rate Constants

The Arrhenius parameters of each study are
given as log A(sec™!) and E(kcal/mole). A rate con-
stant for each study calculated at a mean reaction
temperature is also listed. This will facilitate
comparisons of the experimental reaction rates of
all the studies for any given reaction.

7.3. Experimental Information

Experimental details and other pertinent observa-
tions for each study are given as follows under
several headings: Conditions, System, Surface,
and Experimental.

a. Conditions.

1. The temperature range of study (degrees
Kelvin).

2. The pressure range of study (mm Hg or torr).

3. The specific pressure at which rate constants
for the Arrhenius plot have been obtained (always
indicated by parentheses, in units of mm Hg).

b. System.
Possibilities are: static, flow, stirred flow, shock
tube, or single-pulse shock tube.

c. Surface.
Effects are summarized as:

1. None. This indicates that rate constants ob-
tained in a packed reaction flask were the same as
those obtained in the unpacked vessel within
experimental error.

2. <X%. Maximum contributions of surface
reaction were obtained by comparing the rate
constant increase to the surface/volume ratio
increases and estimated from the equation,

o[855 o

Here, ks, V5, and S; equal the rate constant volume
and surface area appropriate to the packed reaction
vessel and &, S and ¥ are the rate constant, sur-
face, and volume of the unpacked flask.

3. ——————— A bar or blank indicates that no
mention of any experimental test for surface effects
was made.

d. Experimental.

1. Methods of product and reactant analysis.

2. Methods of analysis or experimental meas-
urement(s) employed for obtaining the data from
which the rate constants were evaluated.

3. Pertinent experimental observations and
findings (e.g., abnormal surface effects, pressure
falloff behavior, unusual reaction side products,

-effects of added gases with regard to catalysis,

inhibition, collisional activation (3d body effects),
unusual mechanistic interpretations, significant
theoretical calculations or observations).

7.4. References

References to each experimental study are num-
bered and listed on the same line as the Arrhenius
parameters of that study.

7.5. Preferred Values or Evaluation

Preferred values will generally be those judged
to be most consistent with the experimental reac-
tion rate and transition state theory. In some in-
stances, where experimental errors are believed
to be large enough to accommodate changes in the
reported Arrhenius parameters, preferred values
are those estimated from transition state calcu-
lations.

7.6. Comments

Mechanistic interpretations by the authors are
discussed here. In addition, results of transition
state calculations are given for the purpose of
comparison with the experimental values. Reac-
tions reported to be unimolecular, but judged by
the reviewers as questionable in this regard, have
been cited as either suspect or unreliable. In all
cases, under ‘“Comments” the reasons for having
made these evaluations are given and, where possi-
ble, other possibly more reasonable interpretations
are suggested.
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8.0. Glossary

8.1. Standard Thermodynamic and Kinetic Symbols

Meaning

pre-experimental factor or A-factor (Arrhenius equation)

activation energy (Arrhenius equation)

1) specific rate constant

2) Boltzmann constant

equilibrium constant in pressure units

equilibrium constant in concentration units

rate constant for a reverse (back) reaction

rate constant for a recombination reaction

transmission coeflicient

kilocalories

entropy unit (gibbs)

molar standard state entropy (1 atm, ideal gas)

molar standard state heat of formation (1 atm, ideal gas)

molar standard state specific heat (1 atm, ideal gas)

an average heat capacity change between two thermody-
namic states over a temperature range

molar gibbs free energy (1 atm, ideal gas)

sub p signifies the 1 atm standard state

sub ¢ signifies the concentration (moles/liter) standard state

sub T signifies ' at the temperature 7"

sub 0 signifies ' at 0 °K’

Avogadro’s number

gas law constant

Planck constant

collision efficiency of energy exchange

temperature

mean temperature

time

mole change in a chemical reaction

Naperian natural log base

1) concentration

2) a quantity whose value has been estimated on the basis
of the reported Arrhenius parameters

1) an estimated thermodynamic quantity which may en-
tail errors in excess of 2 gibbs/mole or 2 kcal/mole

2) the pressure range of study employed for rate constant
measurements used to determine the Arrhenius para-
meters

energy equivalent of temperature 2.303(R)T

transition state

entropy of activation (excluding that of the reaction coor-
dinate)

enthalpy of activation (excluding that of the reaction coor-
dinate)

reaction coordinate

total molecular partition function

total molecular partition function with V" factored out (i.e.
QV =)

total molecular partition function of the transition state
(excluding the r.c.)

Value or Unit(s)
sec™!
kcal/mole

2) 1.3805 X 10-1¢ ergs/molec-deg
ath n

(moles liter®#

(concA” sec™!)

(concd" sec1)

cal/deg-mole (gibbs/mole)
kcal/mole

cal/deg-mole (gibbs/mole)
gibbs/mole

keal/mole

1.987 cal/mole, deg
0.08203 l-atm/mole, deg
6.625 X 1027 ergs-sec

degrees Kelvin
degrees Kelvin

seconds
moles

2.7117

1) moles/liter
2) variable

2) mm Hg (torr)

kcal/mole
cal/deg-mole

kcal/mole

pure number
V—l

pure number



Z 1) total molar partition function 1) pure number
2) kinetic theory collision frequency first-order rate constant 2) sec™!

te contact time in a flow system

op partial pressure of a reactant

Py total pressure

RR Rice-Ramsperger-Kassel theory of unimolecular reactions

RRKM Rice-Ramsperger-Kassel-Marcus theory of unimolecular
reactions a1

My pressure at which &y =34k, RRK—M1/2=% [E':ﬁ—yszT]

s RRK number of effective oscillators exchanging energy

with the reaction coordinate.

8.2. Notations Used in Illustrations of Transition State Calculations

(XQY)Z an internal rotation of group X against group Y around the (X —Y)
bond axis with a rotational barrier of Z kcal/mole (for values of
various rotations see appendix)

(X€4), an internal rotation of group X against an infinitely heavy group
with rotational barrier of Z kcal/mole
KXiek a torsional motion about a 4 electron (normal double bond) as in the
olefin X (for definitions of X see appendix)
Kok a torsional motion about a 3 electron (3/2 order) bond as in the
olefin X
X =Y a single bond stretch between groups (or atoms) X and Y Z is the vibration
: quency in cm™!
X-Y) a l-electron (or half) bond stretch between groups or atoms X
and Y

(X- Y\Z) a bond bend involving a single bond (¥ —Z) and a 1-electron bond
(X - Y) about the XYZ angle

(X/Y\Z) r is the frequency in
Y I abond bend about the XYZ angle Y Yemy y e
Xe™N\Z a resonance conditions with kekulé structures( X*'*Z == X~ sZ)
DH°X —Y) the (X—Y) bond dissociation energy kcal/mole
Eres) resonance energy keal/mole
ey the activation energy for an X atom ring closing reaction kcal/mole
) -~ the activation energy for an H-atom migration reaction kcal/mole
8.3. Symbols Designating Analytical Methods and Experimental Rate Measurement Methods
Symbol Meaning Symbol Meaning
M.S. Mass spectrometry B.P.—P.V. Boiling point separation—
CHEM. Standard chemical techniques pressure volume product
G.L.C. Gas-liquid phase partition St. Static
chromatography Fl Flow
O.R. Optical rotation Sh Shock tube
p Density S P Shock  Single-pulse shock tube
M.P. Melting points AP Manometric measurements
u.v. Ultraviolet spectroscopy Pol. Polarographic
\Y% Visible spectroscopy ny Refractive Index
I.R. Infrared spectroscopy
N.M.R. Nuclear magnetic resonance
spectroscopy

fre-



9.0. Experimental Errors

Detailed discussions of the experimental errors
involved in kinetic measurements are referenced in
most physical chemistry and kinetics texts. We
do not intend to reiterate or extend such treatments
here. Rather, our purpose is to indicate the general
magnitude of the average errors which might reason-
ably be expected in unimolecular reaction rate
studies so that the reliability of kinetic studies may
be easily evaluated.

It is well known that the most serious errors in
kinetic studies are systematic ones. Further, it is
recognized that the most frequent systematic errors
arise from secondary reactions, heterogeneous
effects, or other chemical complications. One of
the principal objectives of this monograph has been
to recognize the studies containing errors of this
nature and subsequently to classify them as either
unreliable or suspect. However, the kinds of errors
of interest here are those, both systematic and ran-
dom, which might be encountered in studies having
no chemical complications. By careful experimental
techniques and precautions, random errors in
analysis and temperature control can be kept to a
minimum. Thus very high precision in experimental
rate constants can be realized and rate constant
parameters are often reported to four or five sig-
nificant figures on the basis of least squares analysis
of the resulting Arrhenius plots. However, the errors
reported in such cases reflect only very good control
over random experimental errors and can not be
interpreted to mean that the real experimental
errors are necessarily small. Systematic errors could
easily be present, and their magnitudes are almost
impossible to estimate without prior knowledge of
the “correct” behavior of the systems being studied.

Possible sources of error in the measurement
of a rate constant are: (1) time measurements,
(2) concentration measurements, and (3) tem-
perature measurements. The last is generally the
major source of error. Temperature control and tem-
perature homogeneity of the reactor (as in static
experiments) or of the reaction zone (as in flow
experiments) are both very difficult and very im-
portant experimental problems. This is particu-
larly true for gas phase homogeneous and ther-
mally induced unimolecular reactions because they
are most often studied in the 300-700 °C tem-
perature range. The use of well-stirred liquid ther-
mostats above 250 °C is uncommon and tempera-
ture fluctuations of the order of +0.5 to =1 °C
are the rule, rather than the exception, in air bath
and solid core thermostats. At temperatures
above 600 °K uncertainties in temperature con-

trol and measurement probably exceed these values
in most cases.

Most gas-phase kinetic system product analysis
in recent years has been made using gas-liquid
partition chromatographic techniques. Unless
extreme care is exercised in the integration of
product peaks and in the determination of product
detector sensitivities, analytical precisions of
better than +=2 percent are seldom achieved and
errors of up to =5 percent are not unusual. Other
analytical methods such as M.S., LR., U.V., etc.,
have very comparable reliabilities. Since systematic
errors in analysis are probably as large as random
errors, on the average, one would not expect to
obtain analytical measurements of accuracy much
better than =4 to 5 percent.

Errors due to time measurements in static ex-
periments are very small and may be ignored.
In flow experiments, where residence times are
not as well defined, time can be a more important
source of error; however, it is generally less im-
portant than other uncertainties like temperature
uniformity and control, or reaction zone volume.

In the completely general case of a dependent
variable, k=f(X,, X» + - - X,), which is a known
function of n independent variables X, - - - X,,
the relative error in £ due to errors in X; is given by}

(A_kg)zz $ ( aﬁ_ll_nyf )2 (é;_)z (1-9.0-1)

i=1
Wlth Ilzf(Ah AZ, ty, L2, ﬂ; E:g(kl9 k23 Tl’ T2)

and the relations,

k=In (%)/(tz —t) (1-9.0.2)
k= AeEIRT -9.0-3)
E=[RT\To/(T; —T1)) In (ks/ky) (1-9.0-4)

one can evaluate the necessary partial differential

coeﬂicients . and obtain,
(ANZ)2>
Nz

I (e
(T (2

In ]Vz

t 2 At] 2 E\2
() (= =
(tz—tl) (ll ) +<RT>

(1-9.0-5)



In the above, N,, N., and ¢, t, are the initial and
final concentrations and initial and final time meas-
urements respectively used to determine the rate
constant in any given run (1-9.0-2), and &, ks, and
T., T, are the rate constants and temperatures
used to calculate the activation energy (I-9.0-4).

An examination of the coefhicients (in [-9.0-5)
indicates that in order to measure the rate constant
. to an accuracy of X% '= Ak/k X 100, it is necessary
to

(1) measure the time with an accuracy of about

—A—[x 100 = ( ‘1> X% _( time interval) X%)
t 2 2%\ longest time /(2}% °
(1-9.0-7)

(2) measure temperature with an accuracy of
about

AT 100 RT X%,

S 7 (-9.0-8)

(3) measure concentration with an accuracy of
about

AN N\ X%
— X 100=1n <ﬁz) D

N (1-9.0-9)

A very simple, straightforward, and reasonably
reliable estimate of the error in the experimental
activation energy can be made from (1-9.0-6). If one
determines that errors in &, due to analysis and time
variables, are some constant fraction? (y) of the
error in k, due to temperature measurements and

! See reference 5, p. 61.

*We also set T, T.=T)? and

(T..,T—2T,> = (TZTT,) - (Tjr,)*

where T is the mean reaction temperature.

control, then (I-9.0-5) becomes,

%Z Ly (RT) <ATT)'

Substituting (I-9.0-10) and (I-9.0-4) 2 into (I-9.0-6)

gives
)( 7) (1-9.0-11)

E
"RT =35,

(19.0-10

B (g sz (T

113 " . N
For an ‘““average” study with <N1> =e,
2

AT==x1 °C, T,—T, =60 °C, T=600 °K, (AN/N)
=0.04, and (At/t)=0, we find that analytical
errors are approximately equal to errors arising
from the temperature. Thus,y =1 andAE—E*“61/2><16—(§)
= 0.040. From the critical ratio of 35, this “average”
reaction would have an activation energy of 42
kcal/mole, and hence, a probable error in E of
AE = 1.7 kcal/mole. A quick perusal of reported
activation energies for identical systems from differ-
ent laboratories tends to confirm this estimate.
Thus, as a first approximation of the probable
errors in the activation energy for a thermally
induced gas phase homogeneous kinetic reaction,
(I-9.0-11) is extiremely useful and fairly reliable
Finally, from (I-9.0-3), the uncertainty in the
Arrhenius A-factor can be calculated from the
uncertainty in the activation energy.

With  AE=E(4+2y)"2(AT/T,—T;), (1-9.0-12)
_AE _
Alln ()] =7r7 (1-9.0-13)
or
AE
TaRT = 1-9.0-14
Allog AJ=5—57= AE/O. ( )

oy -]
G ) R



II. Complex Fissions —Molecular Elimination Reactions

1.0. Four-Center Reactions

Most four-center reactions involve hydrogen
halide eliminations from alkyl halides. Reaction
heats are 10 to 20 kcal endothermic and reaction
entropies range between 30 and 40 g/mole (posi-
tive). Surface catalysis is a characteristic of
these reactions and ““‘conditioning” of reaction cell”
walls (by repeated decompositions of the reactant
or by other methods) is generally required in order
to achieve reproducible rate behavior.

Free radical, chain processes often provide com-
petitive reaction paths to products. The general
rules which seem to apply are that competing free
radical chain process increase in the series RCI,
RBr, RI, and decrease with increasing alkyl substi-
ution at the «-carbon position. Thus primary
halides have more chain decomposition than do
secondary halides, which in turn are less unimolecu-
lar than tertiary halides. These behaviors have been
explained in terms of the relative rates of chain
propagation versus chain termination [17, 18].

Rate constant parameters for the homogeneous
unimolecular contributions to the eliminations have
generally been obtained for systems under “maxi-
mum inhibition” of chains. Additions of inhibitors
or free radical traps (e.g., propylene, toluene, cyclo-
hexene, etc.) decrease the overall reaction rates by
lowering the concentrations of radicals which can
propagate chains. At maximum inhibition, rate
constants are invariant (with further additions of
inhibitor) and are minimum values. KResidual
reactions are therefore assumed to be molecular.
Support for the assumption of the absence of chain
processes at maximum inhibition and for the mo-
lecularity of the residual reactions comes from
several sources. None individually constitute proof
of the assumption, but taken collectively they do
offer a strong argument for it. The evidence in the
case of ethyl bromide, which in the uninhibited
system is estimated to be 90 percent chain and 10
percent molecular, is as follows:

1. Maximum inhibition by different inhibitors
always reduces decomposition rates to identical
first order values [19].

2. Absence of dibenyzl, hydrogen, and ethane in
the toluene carrier flow experiments on ethyl
bromide [20] suggests that the rate of radical pro-
duction (i.e., chain initiation) is very slow relative
to hydrogen bromide elimination. This in turn
implies that free radical chains are long in the un-
inhibited decomposition and are therefore readily
susceptible to inhibition through trapping of the
chain carriers. Support for long chains also comes
from results on the photochemically initiated ethyl
bromide decomposition [21].
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3. The hydrogen/deuterium isotope effect in
the ethyl bromide uninhibited and in maximum
inhibited systems [22] is very different. This
suggests that different mechanisms are operative.

4. The hydrogen/deuterium isotope effect for the
uninhibited decomposition of ethyl chloride [22]
is very similar to that observed in the inhibited
ethyl bromide system. This suggests similar de-
composition mechanisms, and the ethyl chloride
reaction is believed to be an uncomplicated four-
center molecular elimination.

5. The rate of decomposition for ethyl bromide in
the induction period, which precedes the onset of
the well-characterized chain decomposition, has
the same Arrhenius parameters as those of the
inhibited decomposition [23].

6. Addition of free radical sensitizers (e.g.,
Br; or allyl bromide) to maximally inhibited systems,
or to those which apparently have no chain con-
tribution (e.g., t-butyl bromide), temporarily ac-
celerates rates, but as these catalysts are removed
from the system by reaction, the rates return to
those at maximum inhibition [24].

7. Theoretical calculations of the Arrhenius
parameters for the reverse association reactions
are consistent with the observed reaction rates at
maximum inhibition.

In view of these observations and as a result of
these reviewers’ inability to propose any reasonable
homogeneous chain mechanism in the presence of
inhibitors which can account for the observed
reaction rates, we feel that the residual reactions
are essentially unimolecular processes.

1.1. Transition State Estimates of the 4-factor of Four-
Center Elimination Reactions *

Reasonable and fairly precise estimates of the
Arrhenius A-factors for four-center elimination
reactions have been made. The method, which
involves rather straightforward thermodynamic
considerations, is illustrated below for the ethyl
chloride reaction. See reference [25] for a more
complete discussion.

Ethyl Chloride

CHy-CH,Cl —;( ::C——‘—(i:):CZHa
N el

The transition state has been represented in
terms of one-, two-, and three-electron bonds.
Frequency assignments for the fractional bond’
order stretches have been assigned using Badger’s
rule and Pauling’s equations relating bond order
and bound length [26]. In the absence of any other
data, 3}-order bond bends have been assigned a



frequency of (3) that for a unit order bend. In
following the structural and vibrational frequency
changes between the ground state and the transition
state, it is clear that the largest entropy effect will

1 Estimates of the A-factors reported on the data sheets have
been made according to procedures outlined in ref. [25]. Methods
“illustrated here, however, entail some slight modifications of
the earlier method which we feel constitutes an improvement.
The modifications include some changes in bending frequencies
(particularly for one electron bonds which are breaking in the
reaction) and include changes in the choice of reaction coordi-
nates. With regard to the latter modification, the reaction co-
ordinate has been assigned to the lowest frequency motion in

arise from the restriction in the internal rotation
as the partial Pi bond forms. Other frequency
changes are less important. Estimates are shown
in table I1-1,

the transition state. For all but three and four center reactions,
the reaction coordinate so designated may be identified with an
internal rotation of the ground state rather than a bond stretch
(as in ref. [25]). It should be noted however, that the results (4-
factors) obtained from either method are almost identical for
four- and six-center elimination reactions. Significant variations
(and improvements) only arise in the cases of Cope and “ene”
type isomerizations.

TABLE II-1. Transition state estimates— ethyl chloride reaction
Ground State Activated Complex
Vibrations Frequencies S° (600 °K) Vibrations Frequencies 5° (600 °K)
(wem™1) (wem™1) :
C . C .
4-(H/ \H) 1450 1.15 (H \C) 575 1.5
C
(H \H) 725 1.2
C
Z(H/ \H) 1450 0.56
5(C—H) 3000 0 4(C—H) 3000 0
(C-H) 2200 0.05
(C—C) 1000 0.65 C-C 1300 0.38
C C
4([‘( \C)w, 1150 2.1 4(1'( \C)w,, 1150 2.1
C C.
(H/ \CI) 1100 0.6 (H/ Ch 550 1.6
(CHz€,%0)s.5 ® 5.6 (=)} 400 2.1
(C—CD 650 1.3 (C-Ch 490 1.8
C
(C/ \Cl) 400 2.1 r.c.
Totals S55=13.5 Si=11.4

2 The notation (CHz€,<) s indicates an internal rotation of a methyl group against a relatively large mass rotor
with a barrier to rotation of 3.5 kcal/mole.

b ("_\X), indicates the propylene type torsion around a three-electron bond. Such torsion frequencies have been
assigned values of Y2 the frequency of the corresponding torsion in the normal olefin (e.g., propylene in the above system).
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The intrinsic entropy of activation is therefore esti-
mated to be

AS} =11.4—13.5=

int

—2.1 g/mole.

The reaction coordinate degeneracy is 3 (i.e.,
there are three hydrogens on the methyl group
which can react), and this gives a real entropy of
activation of

AS*=—214+R In 3=40.1 g/mole.

Thus we estimate (600 °K),
ekT
A=

eAs r— 10136 sec™! ; AObS:1013.610.5 sec—1,

The transition state calculations are for the most
part relatively insensitive to the nature of the halo-
gen. Note that the reaction coordinate has been
assigned to that motion in the reactant which trans-
forms into the lowest frequency motion in the transi-
tion state leading to reaction.

Estimated A-factors, in some reactions, seemed
more reasonable than those reported. In these
cases the preferred activation energy is the one
calculated from the reported rate constant and the
calculated A-factor.

2.0. Three-Center Eliminations

.-\
</C\\\:Y>

The A-factors of three-center elimination reac-
tions have definite limits placed on them by thermo-
dynamics and by transition state theory. Since no
internal rotations are involved, entropies lost in
activation cannot be very large. In the “tightest”
possible activated complex, the entropy of activa-
tion may be equated to the negative of the sum of
the entropies associated with the four bending and
two stretching frequencies of the X and Y species
in the reactant. It is unlikely that all six modes
would contribute more than 5 to 7 g/mole at de-
composition temperatures. This sets a lower
limit on the frequency factor, 4 = 102 sec. An
absolute upper limit is set by the overall reaction
entropy and Z (the collision frequency or maximum
rate of the back reaction). Thus 4 = 4,e35R < ZAS°IR
Since usual values of Z and AS°® are of the order of
10° atm~! and 35 g/mole, respectively, a maximum
value for the frequency factor of A =< 10166 gec-!
is obtained. It is unlikely that either of these limits
are actually approached and we believe that three-
center elimination 4-factors should be very close to

normal (i.e., 4 = (#))
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3.0. Five-Center Elimination Reactions

<\c,.~<° )*
L

Decompositions of the nitroalkanes are the only
known examples of reactions which probably pro-
ceed through five-center transition states. Reaction
enthalpies and entropies are similar to the four-
and six-center reactions and fall within the ranges
of from 10 to 20 kcal endothermic and from 30 to
40 g/mole (positive), respectively. The reaction
rates are surface sensitive; therefore conditioning
of reaction chamber walls is required. Product
complexity clearly indicates the occurrence of
competitive free radical and heterogeneous
processes.

3.1. Evaluation

By the transition state methods used to estimate
A-factors for the four- and six-center reactions,
the A-factor estimates of the five-center reactions
are between one and two orders-of-magnitude
higher than those reported. Either the data are
complicated by an incomplete suppression of chain
decomposition, or transition state methods for
estimating A are inadequate. It should be noted
that if the A-factors reported for the nitro com-
pounds are correct, the reported entropies of activ-
ation correspond closely to the maximum possible
entropy losses for activation.

4.0. Six-Center Elimination Reactions

Reaction thermodynamics are similar to those
of other elimination reactions {(i.e., AH°=10-20
kecal; AS°=30-40 g/mole). Wall conditioning is
generally required in the static systems before
reproducible rate behavior can be achieved. In
other respects the reactions are well behaved,
going smoothly to the expected products with no
apparent complications arising from competing
chain processes. The only exceptions to the above
seem to be the chloroformate esters, which are
extremely surface sensitive and give some products
which are most reasonably explained in terms of
chain processes.

4.1. Evaluation—Transition State Estimates of the
A-Factors of Six-Center Elimination Reactions *

The six-center elimination reactions have rela-
tively large negative entropies of activation. Since
at least three internal rotations are restricted in the
transition state, a maximum of about 24 g/mole
(about 8 g/mole per internal rotation at 600 °K) could
be lost in forming the ring. Observed entropies of
activation are about half this amount; therefore the
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cyclic transition states must be reasonably loose.
Our evaluation of the reported parameters has been
based principally on transition state estimates of

TABLE II-2.

Transition state estimates —ethyl acetate reaction

AS* and the A-factors. As an example, the calcula-
tion of the frequency factor of the ethyl acetate
reaction is illustrated below.

Ground State

Activated Complex

Vibrations Frequencies S° (600 °K) Vibrations Frequencies S° (600 °K)
(wem™) g/mole {wem™1) g/mole
C
Z(H/ \H) 1450 0.6
C N
4(H/ \H) 1450 1.2 H \C) 575 (1.5)
C
(H \H) 725 (1.2)
[2(CH;3 ) + 2(CH2)lw, ¢ 1150 2.1 4(CHy)w,, 1150 2.1
(C=0) 1700 0.2 (C=—0) 1325 0.3
(C—0) 1100 0.6 (C=—0) 1400 0.3
(C—O)ether 1200 0.5 (C-0) 700 1.2
(C—0) 1000 0.6 (C=C) 1300 0.4
5(C—H) 3000 0 4(C—H) 3000 0
1(C - H) 2200 0.05
(CHy), 700 1.2 (CH.), 700 1.2
C C
e
(0/ \O) 420 2.0 O \O) 420 2.0
(0] 0
(C/ \C) 420 2.0 (C \C) 210 3.5
C e C .
(C/ \O) 400 2.1 {C/ 0) 200 3.5
(CH3€,0)5.0 5.2 (——\)’ 400 2.1
(iPr&,nPr),, 6.6 r.c.
(Et€, )65 74 <>—\>, 125 44
Totals Sy=31.7 S}i=24.3
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4.2. Ethyl Acetate

.IO-"-H. *
CHy=C{  ,CHp)—>CH3COOH+CyHy
0 - CH,

CHy- cjo
0-CH,.

—_—

Chy

Frequency assignments in the ground state and
activated complex are detailed in table 11-2 (ex-
cluding the 12 acid methyl frequencies).

The intrinsic entropy of activation is therefore
estimated to be

ASt =244—-31.7=

int

—17.3 g/mole.

The reaction path degeneracy is three, therefore

the “real” entropy of activation is
AS*=—7.34+ RIn3=-5.1 g/mole.

We therefore estimate the ethyl acetate 4-factor
(700 K) as

ekT

A= e edstin= 10123gec—1; A= 101265ec1,

We believe that transition state estimates of the
above kind are probably reliable on the average
to better than a factor of 2.

II1. Cyclic Compound Reactions

1.0. Characteristics

For convenience, cyclic compounds have been
divided into several groups according to ring size
(monocyclic reactants) and ring complexity (poly-
cyclic reactants).

Experimental data for cyclic compound decompo-
sitions and isomerizations, especially cyclopropane
and cyclobutane derivatives, are exceptionally good.
The reactions are very well behaved kinetically,
being for the most part free from surface effects
and free from radical chain processes. Free radical
chain inhibitors such as propylene, toluene, and
nitric oxide are without effect on the observed reac-
tion rates or reaction products. Also, rate constants
determined using packed and unpacked reaction
vessels are the same within experimental error.
Many of the small ring (three- and four-membered
rings) decompositions and isomerizations exhibit
well behaved (i.e., consistent with theory) pressure
falloff characteristics as predicted qualitatively
by the old Lindemann theory (and quantitatively
by the Rice-Ramsperger-Kassel-Marcus theory) of
unimolecular reactions. There can be little doubt
that these reactions are homogeneous, gas phase,
unimolecular reactions.

2.0. The Biradical Mechanism

The mechanism of small ring compound decom-
positions has been the subject of controversy
dating back to the first reaction of this type studied
in any detail (cyclopropane). Two mechanisms were
proposed, (1) a concerted process involving simul-
taneous C—C bond rupture and formation with an
H-atom migration and (2) a consecutive step process
proceeding through a biradical intermediate. In
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an elegant study of the cis-trans isomerization of
1,2-dideuterocyclopropane, Rabinovitch and Schlag
showed that the rate of geometric isomerization
was roughly 12 times faster than the structural
isomerization to propylene and that the pressure
falloff characteristics of the deuterated and un-
deuterated cyclopropanes were the same. The
former result provided support for the biradical
mechanism and the latter results indicated that the
RRK (Rice-Ramsperger-Kassel) theory of uni-
molecular reactions was preferrable to the Slater
theory. (See references [27], [28], and [29].) Differ-
ences of opinion, largely semantic, still exist with
regard to the nature of the biradical intermediate.
Whether the biradical is fully developed with little
interaction between methylene ends or whether an
appreciable interaction exists (an expanded ring)
remains a subject of some debate.

The nature, and even the physical reality, of
biradical intermediates in cyclic compound reac-
tions has been argued extensively and will not be
debated further here. However, there can be little
question about the pragmatic value of the mech-
anism. From this review, our findings are that the
kinetics of virtually all of the small ring compound
reactions (with the exception of cyclobutenes) and
the kinetics of the vast majority of the large ring
and polycyclic compounds, are in excellent agree-
ment with the biradical mechanism predictions,
both qualitatively (with regard to reaction products)
and quantitatively (with regard to transition state
estimates of the Arrhenius parameters governing
the formation of products).

Results of the transition state estimates made for
these reactions are given on the data sheets with
the preferred values. Thus, comparison with the
experimental parameters can readily be made.



3.0. General Remarks Concerning Transition
State Calculations

Estimates of activation entropies and enthalpies
are based on the known or estimated thermodynamic
properties of the reactants and biradical intermedi-
ates. For this purpose, the reader is referred to
reference [3] (Thermochemical Data Sources).
A partial list of the more useful molecular and free
radical group additivity values is given in Appendix
B. Methods employed in the estimation of the
radical group additivities and their use are not
reviewed here. The reader is referred to the
references indicated above. However additivity
values in the appendix should be sufficient to enable
the reader to follow the transition state calculations
illustrated below.

To facilitate activation entropy and enthalpy esti-
mates, thermodynamic paths from reactants to
transition states have been used. These paths are
not to be confused with the kinetic (or mechanistic)
reaction path. Circled numbers indicate the calcu-
lational steps in the thermodynamic estimates.

Ste
@is ring opening to the biradical at 298 °K; stepé

is incorporation of resonance (if any) in the biradica
at 298 °K; step@is the correction to AS° and AH®
for the average heat capacity change for steps

and( 2 )over the temperature range of 298 °K to T’
experimental. Steps(4)and above are estimates of
the activation entropies and enthalpies from the
biradical to the various postulated transition states.
These latter steps are detailed in terms of vibra-
tional and rotational changes occurring. Enthalpy
and entropy estimates, given below and above the
arrows respectively, come from the additivity values.
All entropy estimates are intrinsic entropies (i.e.,
symmetry numbers, optical isomer effects, and elec-
tron spin effects are not included). The activation
entropy is calculated from the intrinsic entropy
change by adding the entropy associated with the
reaction path degeneracy, where reaction path de-
generacy is related to the above by the equation

¥
an
Kipa)=_——

gin

In the above, o, n, and %, n* are the overall sym-
metry numbers and number of optical isomers
in the ground state and transition state respectively.
With regard to spin, only ground state singlets are
important. For this reason, electron spin in the
biradical need not be (and has not been) included.
A big contribution to stepinsofar as AS*is con-
cerned, is the substitution of the contribution due to
the reaction coordinate.
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4.0. Transition State Estimates for
Cyclopropanes

4.1. Cis-12-d:-eyclopropane

a. Mechanism

D [») ] D ] r ]
—— . « T 7 . 3
S~ ,\L(\/ R \/\D’——'(/\),z
=770 °K.
b. Transition state estimates
2.5 )‘
. L@ [Ec 7 ( A
e s Ve Vo L (el
10 ® ® En-mig /\\‘)

1. Cis-trans isomerization. K; , 4 =3

AS{-n=10.0+1.9—2.5+R In 3=11.6 g/mole

1

ekt
Ale-o et =5 - eASHIR = 10159 gec!;

Agps=34,=10157 1016 gec-!
Ec-n=64.2=54.84+ Ec;
Ec3=9.3 kcal/mole

2. Propene formation. K, , 4 =12
AS{oroy=10.0+1.9—9.9+R In 12=7.0 g/mole

Aloron est= 101516 gec1;

Agps= 101512 gec-1, 101520 gpc-1
Eprop=65.6=54.0+ 0.8+ Egg.ru1s
Eymig=10.8 kcal/mole.

c. Discussion

Geometric isomerization was experimentally ob-
served to be about 12 times faster than structural
isomerization; therefore k; > ks;. In addition, the
rate constants for internal rotation can be shown
to be much faster than either %, or k;. This means
that the rate-determining steps for cis-trans isomeri-
zation and for propylene formation are ring opening
and H-migration, respectively. Thus the transition
states indicated. Thermodynamics of the various
steps in the calculation are:

AXG=[X°(V) —X°(V) ] assx
(AC})5=2.1 g/mole



ASS =—-S°(nPr€ nPr)x.:; —6.8 g/m()le
AS*(4MC;)=11.9—5.6+1.0—6.8=0.5 g/mole
A (AMC5) o= 1037 sec™!

Agps= 10"%7 sec™!

(4'M C ))esl

mole

51.9—12.6+0.4+8.3=48.0 kcal/

E s =48.6 kcal/mole

5.0. Transition State Estimates for
Cyclobutanes

5.1. Cyclobutane

a. Mechanism

D __ZI_ [ —2— 2cm,

=714 °K.

b. Transition State Estimates

AS® 122 1 126 I I'_-70 e q
AH® D 55.4 Er66 { I_I )
0] (O] @

1. Ethene formation. K, , 4 =4

ASletmeney=12.24+2.6 —7.0+ R lIn 4=10.6 g/mole

1 ekT

o_ Yp__ _ _ -
Aest 7 _h__ SR =1(156gec 1 Aobs_ 10156 gec—!

Eethene=55.4+1.2+6.6=63.2 kcal/mole.

c. Discussion

The biradical mechanism, when applied to the
kinetics of cis- and trans-1,2-dimethylcyclobutane
indicate that in the cyclobutane reactions, all
processes from the biradical occur at very com-
parable rates. That is, C, ring closing, decomposi-
tion and internal rotations of groups larger than
(CH;) and (-CH.) are all comparable. Thus k3 = k.,
which accounts for the factor of ) in the A-factor
estimate. The activation energy for C4 ring closing
in the 1,2-dimethylcyclobutane systems was found
to be 7.4 kcal/mole. This includes two gauche
repulsions in the conformation preceding ring
closing. There is only one gauche repulsion in the
ring closing conformation of cyclobutane, hence
E;,=7.4—0.8=6.6 kcal/mole.
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Axg= xe ( LIy -xe ¢ )
(ACTY5=3.1 g/mole

AS%:—S"[(E[@ El)(;,ﬁ r.c.]

5.2. d;-Methylene Cyclobutane

A

Db,

rf—ﬂl +=C=

b. Transition State Estimates

a. Mechanism

7 -
—_—
2

AS©;

e OF L ;;2rf.26rr,4rrr 2
AS°: ®lﬁrs+:|2.49 .
AH®: r—f -G_(g;(li.f>

1. Isomerization. K, , 4 =2 (T = 600 °K)

AS?som =5.6 g/m()le

Aisom_% ei_T CAS*/”_ 10145 sec1;
Agps = (not reported)
E som=48.6 kcal/mole;

E s =49.5 kcal/mole

c. Discussion

Full allylic resonance is achieved in the transition
state. Steric inhibition of resonance in ring opening
reactions does not seem to occur. The factor of 1/2
in A* comes from the fact that ring closing can occur
one of two ways with equal probability; only one
incorporates d; in the ring.

2. Decomposition,-allene formation.

Kepa =2 (T =100 °K)

AS(allene) 9.6 g/mole
Aallene = # astir — 10157 sec™!;
Aops = 10151, 10157 1()15-8 gec!

E.ene =61.2 kcal/mole;
Eqs =61.5, 63.3, 63.5 kcal/mole.
Discussion

Decomposition cannot occur from the resonance
stabilized biradical, since in order to develop the
allene Pi bond, twisting of the conjugated res-
onance system is required. Hence the activation
energy and A-factor for allene formation are similar
to those for cyclobutane.



MG =xo ([T -x( [T
ASé =S°[— (Cng °°)0.6+ (iB:;e)t];
AHY = FEp (allyl

(ACP)q =4.6 g/mole;
(ACﬁ)® = 3.4 g/mole
AS§ =ASy=—S(Et&iPr)g.s.

6.0. Polycyclic Compounds

Since the thermodynamic properties of almost all
polycyclic compounds have not been experimentally
determined, the thermodynamic estimates made in
this monograph for the polycyclics are subject to
greater uncertainties than are the estimates made
for less elegant compounds. However, in view of the
reasonably good agreements between the observed
kinetic parameters and the calculated parameters
(based on transition state estimates and the bi-
radical mechanism) for most of the polycyclic re-
actions, it would be surprising if more than a few
of the thermodynamic estimates were in error by
more than +2 keal/mole in AHZ, and +2 g/mole in
S°. Nevertheless, since errors of this magnitude are
possible, transition state calculations have not
been made as accurately as those for the small ring
compounds. In particular, heat capacity effects have
been ignored (although there is some indication
that they may be small), entropy estimates have
been made by analogy with the entropies of other
cyclic compounds, and enthalpy estimates have
been made relative to bond dissociation energies in
alkanes. We believe that most transition state esti-
mates given on the data sheets are good to about a
factor of 3 in 4 and =3 kcal/mole in E.

6.1. Bicyclo[2.2.0]hexane—1,5-hexadiene

1. Mechanism
1
YV=0-*+3
3. Transition State Estimates

1 A-factor

If one assumes, by analogy with the cyclobutane
-eaction, that k3 = L, then the transition state for
he reaction can be pictured as somewhere between
he reactant and biradical, 7 . Since the in-
rinsic entropy of the reactant and cyclohexane is

rery similar (Si, (D =74.0 S5, (O = 72.7),

int
t is possible to place the entropy of the transition

tate about 3« ()= 73.4. Thus with K;pa =1,
AS*=—0.6 and Aé‘gt=l ehﬁ ehy IR = 130 gec-1;

2
{ops= 10134 sec™!.
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2. Activation Energy

Since the ring strain in ( (£2) ) is known to be
close to the sum of the C; and C, ring strains,
E strain ( Q) )=2(26.2)=52.4 kecal/mole.
The transition state is close to the boat form of
cyclohexane with a strain energy of something
like 4 kcal/mole. Therefore , AH; , = DH(C—C)—
AE strain = 78.7 — 52.4 + 4.0 = 30.3 kcal/mole.
From this and other transition state estimates,
it appears that to a good approximation all in-
ternal ring closing reactions have activation ener-
gies of about 8 kcal/mole (i.e., E3 =8 kcal/mole).
Thus, E.; = 38.3 kecal/mole; Eq,s=36.0 kcal/mole.

6.2.1,3-Dimethyl bicyelo [1,1,0] butane
1 .4/' 3 > <
w‘—g—‘— fost

Process (3) must be faster than the decomposi-
tion of (([]») to 2(=) since it is much more
exothermic, and process (2) is a normal C; ring
closing reaction. Therefore k;> k; and the rate
determining step is ring opening, step 1.

a. Mechanism

1. A-factor Estimate

Since S°,( ( A¢) ) =85.5, one estimates,

AS? 0 =51 /2%0 ) —5°(($<L))=85.3—-79.8
C =5.5 g/mole.

, /7N g/mo
AS(2)=—(C

C) 350 cm!'=-—2.2 g/mole;

r.p.d. =

ASE,=6.1 g/mole; Aggy= 1047 sec!;
Appem= 101445 gt

2. Activation Energy Estimate

The ring strain in the reactant has been measured
to be [311 Fqin= 67.4 kcal/mole, therefore,

AH? ;= DH*(C— C) — AEga1n="77.3 — (67.4
—27.6) = 37.5 kcal/mole.

Thus, E,=AH ,+E;=37.5+9.3=46.8 kcal/
mole. If there is a 4 kcal resonance stabilization
in the cyclopropyl biradical (see bicyclopropyl),
then the estimated activation energy is lower by
this amount, i.e., E,, = 42.8 kcal/mole; E,,,=43.3
kcal/mole. The alternative mechanism is a con-
certed reaction breaking two opposing C—C
bonds at once. It is difficult to account for the
A-factor on this basis.



IV. Isomerization Reactions (Other Than Cyclic Compound Reactions)

The isomerization reactions are of four basic
types: (1) cis-trans olefin isomerizations, (2) struc-
tural allyl migration isomerizations, known com-
monly as “Claissen” or “Cope’’ rearrangements, (3)
1-5 H-migration isomerizations, known as “‘reverse
ene” or simply “ene” reactions, and (4) cyanide
isocyanide isomerizations, which are a distinct
class by themselves.

1.0. Cope Rearrangements

Cope rearrangements are relatively well behaved
reactions, not particularly surface sensitive nor
subject to free radical chain reaction complications.
Their activation energies are in the 30 to 35 kcal/
mole range and entropies of activation are nega-
tive. In the Cope isomerization, a 1,5-diene re-
arranges by forming a new sigma bond between

TABLE IV-1.

the vinyl carbon atoms 1 and 6 with concurrent
7 bond migration and scission of the 3-4 C-C
bond. The transition state is six-centered and A-
factor estimates of reasonable reliability (i.e.,
within about =2 g/mole) can be made by methods
similar to those employed for the ester elimina-
tion reactions. An A-factor calculation is illus-
trated below.

1,1,6,6-d;-1,5-hexadiene:

Cs (O)——2k
2 =\ d2

Frequency assignments of the ground state and
transition state are shown in table IV-1. (Only
those which change in the activation process have
been listed.)

Transition state estimates—1,1,6,6-dy-1,5-hexadiene isomerization

Ground state (600 °K)

Activated complex (600 °K)

. . Frequencies| Entropies . . Frequencies| Entropies
Vibrations © cm-1 —\ S° (g/mole) Vibrations © cm-1 S° (g/mole)
2L S) 0 50t aseeeinerrierineiriieraeiaannan 17.0 ] 2(CB23e)teneeeinininiaannnnnn. 200 7.0
(RPPENPT )53 e, A I X T PSR
(Pae)teenaeiaiiiiiinaninann, 800 1.0 (Pae)teeevrenenanneaiivenannnn. 400 2.1
C C
2C” Yoo 400 421 2¢7 " e, 200 7.
B3C—C)rriiiiiiiiieieie, 1000 2.1 | HC=C)rrrriiiieiiiiiiininnns 1300 1.4
2AC=C)erriiiiriiinnnnnn. 1650 04 (C. C)rviiiiiiieninen, 675 1.5
Totals...ccvveerieieeiieesieeseeneeans $°=32.4 $'=19.
The intrinsic entropy of activation (equal to the 2.0. “Ene”’ Isomerizations
real activation entropy, since the reaction path de-
generacy is unity) is given as, In an “ene’ reaction, a 1,5 hydrogen migratior

AS*=19.2—32.4=—13.2 g/mole

Aesn=10196 sec—1; Apg= 10111 sec!

The kinetics of a number of other Cope re-
arrangements in solution (results below) have been
measured by Foster, Cope, and Daniels {32].
1-ethyl-propenyl allylmalonitrile— 1-ethyl-2-methyl-
4-pentenylidene-malonitrile (log &=10.94 —25.78/0
between 392-413 °K); 1-cyclohexenyl allyl malo-
nitrile— 2 allyl cyclohexylidene malonitrile (log
k=10.8—26.16/0, 392-413 °K); ethyl (1,3-dimethyl-
1-butenyl)-allylcyanoacetate — ethyl(1-methyl-2-iso-
propyl-4-pentenylidene)-cyanoacetate (log £=10.36
—28.62/6, 453-473 °K).

is accompanied either by migration of two 7 bonds
(giving an isomerization), or by one 7 bond migratior
and a bond scission (giving a molecular elimination)
Ester elimination reactions are examples of the
latter reaction path. The former path (“ene” iso
merizations) are similar in their behavior to the Cope
rearrangements. They are well behaved experi
mentally, often proceed toward an equilibrium state
in which reactants are still appreciable, and have
activation energies in the 30 to 35 kcal/mole rang
with sizable (of the order of 10 to 15 g/mole) nega
tive activation entropies. Transition state estimate:
seem consistently to predict A-factors of up to a1
order of magnitude higher than those observed ex
perimentally. It is possible that the six-center “ene’
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isomerization transition states are less polar, and
therefore tighter, than other “ene” reactions. Sub-
stituent effect studies, such as the sigma-rho rela-
tions observed for the acetate and benzoate esters
by Smith, et al., would be interesting studies for
these reactions.

2.1. Transition State Estimate of the 4-Factor
for an “Ene’’ Isomerization

cis-2-methyl penta-1,3-diene
—— 4-methyl penta-1,3-diene

L T

Frequencies of the ground and transition states
are detailed in table [V-2.

The reaction path degeneracy is 3; therefore the
estimated activation entropy is,

AS*=14.6—25.3+R In 3=—8.5 g/mole
Aot (500 °K)=10"16 gec—1;
ths= 10“'2 sec™!

3.0. Cis-Trans Isomerizations

The cis-trans isomerization reactions are particu-
larly difficult reactions to study because they are so
sensitive to wall and free radical catalysis. The
low Arrhenius parameters of early studies were
attributed to nonadiabatic (singlet — triplet — sin-
glet) reaction paths. However, in every case subse-
quent studies have shown that the low parameters
were a result of heterogeneity or free radical
processes.

TABLE IV-2. Transition state estimates — cis-2-methyl penta-1,3-diene isomerization
Ground state (600 °K) Activated complex (600 °K)
. . Frequencies| Entropy . . Frequencies| Entropy
Vibrations © em-" S° (g/mole) Vibrations © cm-! S° (g/mole)
(Pr€ nPr)s..ccocoiviiiiiii 7.9 @MBse)reveunniieiiiannein, TCoovreeeeeiiieee
(00 779 PO, 400 2,11 (CBae)terareeieniaeiranininnns 200 3.5
(Me'a OO) 2. 5rrrereeeccanaienntiitinnattiariinens 6.3 (Pge)t ........................... 400 2.1
20C=C)cviiiiiiinn, 1650 05| HC—C)vrvininininininninn.n. 1300 1.8
2C—C)viiiiiiii, 1000 1.4
(C—H)eeeeei 3000 0 | (C-Hueervviieeeeeen 2200 0
C
2(H/C\H) .................. 1450 0.6] 207 Hyeoooooo) 1000 1.2
(MECa90), 0n e eeeeei e 6.5 (Me€ 05 00eeireraieniniiiiiinininineannnnn 6.0
Totals..coveerieeeieesiieeeieenns $°=25.3 S*=14.6

Transition state estimates of the rate constant
parameters of the cis-trans isomerizations are in
reasonable agreement with most of the data. Esti-
mates of both the activation energy and the Arrhe-
nius A-factors have been made. The method is
illustrated below for cis-but-2-ene and for isostilbene.

3.1. Cis-but-2-ene
a. A-factor Estimate

CH 5 2. -CH H CHy\F
3I>— C g N c— /
(Dt Z= (2

—— trons

/CH3 |

prnt—

CIS—CH3C =C

The reaction coordinate is taken as the torsion about
the double bond. For calculation purposes, the
mechanism is represented in terms of the inter-
mediate formation of a flat biradical, followed by
rotation about the remaining sp?—sp? single bond
with the latter rate determining. The more impor-
tant frequency changes between the ground and
transition states are given in table IV-3,
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AS(,()()—'*-O 4—0.2=++0.2 g/mole
A =1013-6+0.0 = 1013.7 sect; Ay, = 10138 sec!

b. Activation Energy Estimate

. The activation energy is taken as the enthalpy of
the reaction to the biradical, plus the energy re-
quired to rotate about the single bond to the per-
pendicular conformation. Thus,

=D(C=Cy +E, (rotation) =56.4+6=162.4

kcal/mole
E ps=62.8 kcal/mole.

3.2. Isostilbene

a. A-Factor Estimate

5 )= (et e

(T

—



‘T'ABLE IV-3.

Transition state estimates — cis-but-2-ene isomerization

Ground state Transition state AC, AS (600 °K)

SYMIMELTY (WO PARS). oo ittt e ettt e et et e e et e s raerane e e araenanes +1.4
stretch (C=C), 1650 cm~".............ccevennenenn. (C—C) 1000 ecm~...veneiinnnnnnes +0.5 +0.5

C C

bends 2(C/ N Y420 em~ o 2(C/ \C) 400 ecm™.............lL 0 +0.2
torsion cis-but-2-ene 400 ecm~ ...l Y P -0.9 —-2.1
2(CH3€ °°)1,0 .......................................... 2(CH3'€ 00)2,() ........................ —0.8 + 0.4
J 10 71 PPN —1.2 +0.4

Vibrational frequencies and corresponding en-
tropies for the ground and transition states are

detailed in table IV—4.

TABLE IV—4. Transition state estimates—Isostil-
bene isomerization
Ground state Transition state | AS*
symmetry

(two paths).....vcvvveiiiriiiiiiiee 1.4
(C=C) 1650 cm.......... (C—C) 1000 cm—t.. 05

C C
2c” N\ 2¢” Q)

420 cm!......cco.ee.eeens 400 ecm!.......... 0.2
2GEDM i, PACT =L N — 3.4
cis-torsion (400 crrt).... TCoevveiiiiiniiniinens —2.1

Total.........coovvvinnnininnes AS*=—13.4 g/mole

AS*=—3.4 g/mole

Aesy=10'28 sec!; Agps=10'27 sec!

AN —— AL+ 2He

AH}: (—30.1) (R:) (104.2)
AH}=2DH*(C—Hg) = 189 kcal
AH? (R:)=189—104.2—30.1=54.7 kcal/mole

D(C=C)r=AH (R:) — AHY( [=\)=54.7—(—1.7) = 56.4 kcal.

Since heat capacity effects are small, all reaction heats have been
equated to those calculated at 7= 298°K.

6 E, (i.e., the barrier to rotation), is taken as about 6 kcal/mole.
This is the barrier for the cis-1,2-dideuterioethene isomeriza-
tion, calculated in this manner, and has been used consistently
for all reactions not involving resonance stabilized biradicals.
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b. Activation Energy Estimate

o @ o
\CHg—CHg/ — \CH—~CH/ +2H
AH: (34.3) (R:) 2(52.1)

2

2DH® (C—H)" = AH;=163 kcal/mole
AH? (R:)=163 —104.2+ 34.3=93 kcal/mole
E.=AH} (R:)—AH; (isostilbene)

+ E (barrier to rotation)
E,=93—58+6=41 kcal/mole
E,s=42.8 kcal/mole

In actual practice, since the rotational barrier
around the sp?—sp? bond cannot be known,
instead of estimating the activation energies in these
reactions, the observed activation energy (when
Acare=Agns), or the corrected activation energy
{(using A4 to obtain E.,;) have been used to cal-
culate rotational barriers. The rotational barriers
and resonance energies for the various groups
which have been used and have been found to give
reasonable agreement with the observed kinetics
are listed for each reaction. Further experiments

It is possible to rationalize the origin of this 6 kcal/mole barrier
to rotation, as follows: The isomerization barrier of trans-1,3-
buta-diene to the cis form is about 4 kcal/mole. This may be
thought of in terms of the butadiene resonance, or simply as a
resistance of the sp*—sp® carbon to torsion. If the latter is
accepted, the flat biradical is stabilized by about 4 kcal/mole.
An additional steric barrier to rotation of the order of 2-4 kcal
may also exist. The iodine atom and NO catalyzed cis-trans
isomerization reactions whose rates are rotationally limited, all
involve activation energies of this order [33}. Thus, a 6 kcal
barrier to rotation for nonresonant biradical species seems quite
reasonable.

7 DH° (C—H)=DH"° (C—H), as in n-butane —Resonance
(benzyl)
=94.5—13.0=81.5 kcal/mole



are needed to verify or discredit these estimates.
It should be noted, however, that the resonance
energies proposed are also quite consistent with the
resonance energies calculated from transition state
“fits” to the bond fission reactions involving cor-
responding groups (i.e., see also bond fissions),

and with the resonance energies obtained from the
kinetics of some small ring compound reactions
(see cyclobutane derivatives).

For a review of cis,trans isomerization reactions,
including solution results, see references [15, 33,

and 34].

V. Simple Bond Fission Reactions

1.0. Characteristics

Although seemingly appropriate to this mono-
graph, early studies of the decomposition kinetics
of hydrocarbons, ethers, aldehydes, and ketones
have been omitted. The reason for their omission
is that these reactions are extremely complex and
the experimental methods employed in their study,
prior to about the 1950s (e.g., pressure-time deter-
minations of reaction order, classical wet chemistry
product analysis, etc.), did not permit estimation
of the individual parameters for the elementary
reactions in the mechanism. A reasonably com-
plete review of this literature prior to 1953 has
been made by Steacie [35]. With the advent of gas-
liquid phase partition chromatography, it soon
became possible to perform mass balances as a
function of time, detect trace quantities of products,
and to begin to study the individual steps of the
decomposition mechanism. Most of the studies

reported here have been made since 1950.
Bond fission reactions (i.e., the initiation reactions

in decompositions) have always been of prime in-
terest to kineticists and thermodynamicists. The
kinetic literature in this area is extensive although,
as will become apparent, not particularly reliable.
Interest in bond fission reactions stems principally
from the relations presumed valid between the
Arrhenius parameters for dissociation and the
thermodynamic properties of the free radical prod-
ucts. The most common assumption has been that
the activation energy for radical-radical recombina-
tion reactions (concentration units) is zero. Often
the difference between activation energies of re-
combination for rate constants measured in con-
centration units as opposed to the value obtained
for rate constants expressed in pressure units
(i.e., E.~E,=RT) has been ignored. In addition,
heat capacity effects on the reaction enthalpy as
well as on the activation energy for radical recombi-
nation have generally not been properly considered.
The usual procedure has been to equate the experi-
mental activation energy at the temperature T to
the reaction enthalpy at 7=298 °K, and then to
calculate the heat of formation of the product free
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radicals (i.e., E) = AH3y). There are clearly some
very grave oversimplifications involved in this pro-
cedure which could lead to erroneous results even
when quite reliable kinetic data are available.
Fortunately, it does appear on closer analysis that
the assumption E()= AH$ys should not be in error
by much more than 1 or 2 RT. However, for reac-
tions carried out at temperatures in the neighbor-
hood of 1000 °K, an error of 1-2 RT will introduce
uncertainties of the order of 2 to 4 kcal in the per-
tinent free radical heats of formation.

In section 1-4.5, the thermodynamics of bond
fission reactions and their relationship to the
Arrhenius parameters of bond fission have been
presented. The results are based on two assump-
tions: (1) that transition state theory is valid;
(2) that the activation energy of radical recombina-

tion is zero at 0 °K (AEf (rec)=0). Thus we have for

the decomposition Arrhenius parameters:

E=AH3+ T(ACY ree)) (V-1.0-1)
S
4 (sec—1)=%gg X exp((AC‘Rﬁl’(mD)
X exp( RT)' (V-1.0-2)

The few radical-radical recombination rate con-
stants which have been measured have generally
been reported in concentration units. This is the
reason for the above form of the A-factor equation.
It is clear, from eq (V-1.0-1), that the activation
energy of dissociation cannot be properly equated
to the reaction enthalpy at 298 °K, but rather de-
pends critically on the average heat capacity change
for the recombination reaction (AC{). Only if both
are zero is the usual assumption valid. In principle
the reaction heat capacity change can be determined
readily by direct experimental measurements or
by statistical thermodynamic calculations. It there-
fore may be considered known or accessible. How-
ever, (AC{eq) can be obtained only by inference



from the kinetics. If nature behaves in a particularly
perverse and erratic manner, then each system
could be unique and it would be quite impossible
to generalize in any accurate way about the kinetic-
thermodynamic relations of bond fission reactions.

If one assumes that nature is not so perverse,
then one is forced to conclude that much, if not
most, of bond fission rate data is not very reliable.
This is, in fact, our present assessment of the data.
This is not unreasonable since the experimental com-
plexities in these systems render many of the results
highly suspect. In addition, in those systems (hydro-
carbons) for which apparently fairly reliable kinetic
data on the reactions in both directions exist
(i.e., dissociation and recombination), there are
very serious discrepancies between the thermo-
‘dynamics and kinetics which can only be resolved
by making some rather questionable assumptions
about the nature of the free radical products.

In the following sections we discuss these prob-
lems in some detail. Our purpose is to indicate the
current discrepancies between the data and theory.
Further studies will be needed before the problems
can be satisfactorily resolved.

2.0. Reliability of the Experimental Data

A perusal of reported Arrhenius parameters for
the same reaction from different laboratories
quickly reveals the serious discrepancies which
exist in the results. Large differences in the param-
eters (i.e., up to three or four orders of magnitude
in A and up to or in excess of 10 kcal/mole in E)
are the rule rather than the exception. As examples,
- the extreme range of reported 4 and E values for
the decompositions of ethane and azomethane
are respectively, 101471745 gec-1,  79.3-91.7
kecal/mole; 10142173 46-55.4 kcal/mole. The trend
in results with time (presumably later studies are
more reliable) is toward the higher parameters.
The poor precision and lack of consistency between
studies clearly indicate that the reactions are
complex and that their study poses many experi-
mental and interpretative problems.

There are basically two classes of simple bond
fission reactions: those which occur with no or
with negligible chain-stimulated decomposition;
those which have long chain decomposition path-
ways. In the former class, which is small and in-
cludes some of the azo and peroxide reactions,
the rate-determining step for the reaction is bond
rupture. This is the reaction of interest. Results
on these reactions are generally fairly reliable. The
most serious complicating feature encountered
is surface catalysis, which can be estimated or
eliminated experimentally. The vast majority of
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bond fission reactions involve free radical chain
processes. These have been studied by one of two
techniques. Both attempt to isolate the initiation
(bond rupture) reaction from all subsequent chain
processes.

The most common technique employed has been
to carry out the decomposition in the presence of
various free radical scavengers. Toluene, propylene,
aniline, and cyclopentene are a few of the sub-
stances employed for this purpose. It is assumed
that the free radical products of the bond fission
reactions react exclusively and metathetically with
these additives (via H-atom abstraction) to produce
resonance-stabilized inert free radicals. It is further
assumed that the stabilized radicals formed are
unable to stimulate chain decomposition of the re-
actant and that their principal fate is radical-
radical termination. In this case (i.e., complete chain
suppression) the observed kinetic parameters will
correspond to those of the bond fission reaction of
interest. The same assumptions concerning the
effectiveness of radical traps in suppressing chain
reactions have been made in studying molecular
elimination reactions. For molecular eliminations
(which have lower activation energies and proceed
at lower temperatures than bond fission reactions)
it was concluded that the assumptions were probably
valid. However, there is considerable evidence to
show that the assumption of complete chain sup-
pression in the presence of inhibitors is not valid in
many bond fission systems. For example, McNesby
and Gordon [36] showed that allyl radicals abstract
hydrogen efficiently at temperatures above 500 °K,
and that they are capable of continuing chain
processes. Bryce and Hardiman [37] confirmed this
result, showing that allyl radicals sensitized the
chain decomposition of .n-pentane at T =400 °C.
The dual role of NO as a radical trap and as a radical
chain sensitizer has also been demonstrated and
discussed at length [38]. Finally, the importance
o1 benzyl radical H-abstraction reactions in the
free radical chain decomposition of reactants in
toluene carrier experiments has been demon-
strated [39].

it seems clear, therefore, that the Arrhenius
parameters obtained for reactions capable of chain
decomposition must be viewed with caution when
studied by the inhibitor technique. This is par-
ticularly true when the reaction of interest takes
place at temperatures above 400 °C and forms the
same products in the presence or absence of the
inhibitor. The resuits of the toluene carrier tech-
nique are examples in point. Arrhenius parameters
resulting from these studies are usually too low
and the existence of some chain decomposition
seems evident. Unfortunately, activation energies
from these studies have historically provided erro-



neously low estimates for many important free
radicals.®

A second technique more recently used to give
a direct measure of the kinetics of bond fission re-
actions uses the single pulse shock tube. In such
studies the reactant and a comparative rate stand-
ard (i.e., a molecule whose unimolecular decomposi-
tion rate constant parameters are well known) at
very low concentration in an inert gas medium are
shocked to reaction temperatures. The reaction
mixture is then quenched in a period short relative
to the lifetime of the free radical chain processes of
decomposition and also short relative to radical
diffusion times to the walls. The observed kinetic
parameters should therefore correspond to those of
the homogeneous gas phase initiation (bond fission)
reaction. Activation energies determined by the
single pulse shock tube technique have all been in
very reasonable agreement with estimated reaction
enthalpies. However, the A-factors obtained in
hydrocarbon systems predict anomalous values for
the entropies of the free radical products and there-
fore must also be accepted with some caution.
(See V-6.0.) Application of the S.P.Sh. technique
to bond fission reactions has thus far been limited
to a very few systems. However, the method does
appear to have great promise.

3.0. Kinetic and Thermodynamic Complica-
tions in Radical-Radical Recombination
Reactions

In section I-4.3-8, it was shown that if the activa-
tion energy for radical-radical recombination at
0 °K was set equal to zero, the experimental activa-
tion energy for recombination when the rate con-
stant is expressed in pressure units is given by
E) ey = T<ACli> (rec)-’

The usual assumption of a zero activation energy
for recombination is equivalent to setting (ACT) rec
=0. By applying simple equipartition of energy
principles to the recombination reaction, it is pos-
sible to get some idea of the limiting values which
{ACi(req) can assume.

® Most of the heats of formation of free radicals used in this
monograph have been determined either by competitive bromina-
tion techniques or by iodination experiments (see refs. [7] and
[40)). The mechanism of these processes is now well understood,
the errors are small, and the internal agreement between the two
experimental systems is excellent. There can be little doubt that
the values so obtained are the best ones presently available.

9 {AC})represents the average heat capacity of activation
over the temperature range of 0 to T °K. More exactly,

T<Ac;>=f:Ac;dT.
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Case I—Simple fission into an atom - radical:

R—X —= (R———X)' == R+X.

The three additional translational degrees of free-
dom of the products originate from the reaction
coordinate (R—X) stretch, and the two bending
modes of X relative to the R skeleton. The two
extreme values for (AC}) then are:

a. X—bends very loose in the transition state
(hv < kT) (ACT ooy =2R —3R=—1}

b. X —bends very tight in the transition state
(hv > AT) (AC! rec> :%R
Of course one must also consider other vibrational
and internal rotational changes which may occur
between the free radicals and the transition state.
The most serious of these would be changes in
internal rotational barriers. However, following’
Hammond’s thermic postulate [41], (which places
the geometry of a very low activation energy, highly
exothermic reaction close to the geometry of the
reactants) it would seem reasonable to assume that
such changes are small and may be ignored. Since
one would expect that stretching of the reaction
coordinate bond would result in some considerable
loosening of the atom bending modes, condition (a)
would seem more reasonable (i.e., {(ACy(ree)) =—%R).
Case II—Dissociation into two complex radical
fragments:

R—R'=(R——R") =R+R

The six additional external degrees of freedom in
the product radicals (i.e., three translations and
three rotations) convert mainly to the (R—R)
stretch, the (R R?) internal rotation, and the four
rocking modes of R and R! relative to each other
in the transition state. The exireme values of
ACec) then are:

a. When the four rocks become low-frequency
vibrations in the transition state,

9R _
2

3R
3R=""

AC‘iq”‘(rec)=

b. When the four rocks have negligible restrain-
ing force and transform to rotations in the transition
state, ACirecy=5R/2—3R= —R/2.

Again, by Hammond’s thermic postulate, the
latter condition is probably the more probable
case. Also, by the same argument, barriers to group
rotations in the radicals and transition state should
probably be equivalent. Thus, AC#ey=—R/2.

Although heat capacities of activation within
R/2 of zero are favored here, it is clear that values
differing from zero by up to 3/2 R are possible.



Also, the exact relation between the bond fission
reaction activation energy and the reaction enthalpy
is not currently known and need not be the same for
all reactions.

It is interesting to note that an extension of the
Benson-Fueno [42] theory of atom recombination
to a loosely coupled transition state in which free
rotation still exists for recombining radicals yields,

Eree=—3RT and ACl}(x‘ec) —3R,

in agreement with case (b) above (standard states,
1 mole/liter).

4.0. Method of Analysis

Since the uncertainties associated with AC{(ec)
are not apt to be resolved soon,!® it seemed best
at this time to follow convention and assign
AC#reey= 0 for all reactions. As previously indicated,
this assumption is probably good to about =iR.
It follows from (I-4.5-4) and (I-4.5-7) that for
decomposition,

E=AH?

as;
and Ay=(kc/RT)e R
Agreement between the observed activation energy
and the estimated reaction enthalpy at the mean
reaction temperature was the single most important
criterion used in evaluating the Arrhenius param-
eters reported for a reaction. This procedure was
followed for all reactions whose product free radi-
cal heats of formation were reasonably well known.
Since estimated reaction heat capacities both at
298 °K and the mean reaction temperature are
probably reliable to about 1.0 g/mole and the
usual errors in the free radical heats of formation
are of the order of 0.5-1 kcal/mole, the errors
associated with the estimated activation energies
(or reaction enthalpies at T} are probably not greater
than =2 or 3 kecal/mole.

Often the estimated activation energy of a reac-
tion indicated that the reported Arrhenius param-
eters were much too low to be reasonable. If the
reported rate constants for these reactions were
thought to be reliable, preferred “corrected”
Arrhenius parameters were calculated by scaling
the “low” parameters to the “corrected” activation
energy.

" The rotating sector technique used for determining the
absolute rates of radical-radical recombination is not presently
accurate enough to measure very small activation energies
(i.e., 0~2 kcal/mole),
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In all reactions, rate constants for radical-radical
recombinations have been calculated from the
estimated reaction entropies [3—-VI] and the pre-
ferred A-factors. This was judged to be a particularly
interesting thing to do, since a wealth of data on
radical-radical recombination rate constants could
determine what, if any, correlations exist between
these rates and the geometry, resonance, and size
of the recombining radicals.!! If the estimates
of the error limits for the activation energies are
valid, the recombination rate constants estimated
in this way should be good to about a factor of five
(or 0.7 logiy units). The calculated recombination
rate constants (see section V-9.0) do suggest some
correlation between radical structure and the
magnitude of the recombination rate constants.
These are shown in table V-1.

TABLE V-1. Radical-radical recombination rates

Type of recombination Range of values 2

atom —radical

diatomic radical —radical

(alkyl) radical —radical

(oxy) radical —radical

(resonance stabilized)
radical —radical

kree = 101082051 Imole-sec
krec = 1010-0205] /mole-sec
krec = 109-8%95]1 /mole-sec
kree= 101051 /mole-sec
kyee= 1084051 /mole-sec

2The error limits do not include uncertainties in rotational
barriers in radicals or in activation energies of recombination.
The latter two effects could add an additional uncertainty of
perhaps another power of 10 in k.. (See sections V—6.0 and
V-6.1.)

Small radicals tend to have values on the high
ends of the ranges and the more complex radicals
tend to have lower values. Thus, although not ex-
ceptionally important, steric effects do seem to
play a minor role in the recombination process.
It appears that resonance stabilization in the radi-
cals tends to reduce the rate constants for recom-
bination by about a factor of five.

The calculated recombination rate constants of
radicals produced in the amine and hydrazine de-
compositions are about two orders of magnitude
lower than the above (table V-9). This could be a
real effect peculiar to (RN-) radicals or it could
mean that the Arrhenius parameters reported for

11 Such generalizations are very common in the literature. The
most unusual assumption is that all radicals recombine with rate
constants of about

ke =101 }/mole-sec.



these bond fission reactions are low. In the past the
latter alternative has generally turned out to be
correct. If the Arrhenius parameters are low, then
the heats of formation currently accepted for the
amine and anilino radicals are also too low (i.e., by
about 4-5 kcal/mole) (see section V--8.0).

4.1. Illustrations of Analysis Methods

The general method of analysis used for the bond
fission reactions is illustrated below for three
decomposition reactions: ethane, benzyl bromide,
and azomethane.

a. Ethane Decomposition
C.H¢— 2CH;,  T=855°K.

Reaction thermodynamics are given in table V-2.

TABLE V2. Ethane decomposition thermodynamics

C,H¢ | CHy | X344 | X7=855 °K
S°(g/mole) 54.9| 46.4| 379 40.0
AHj(kcal/mole) —20.2| 34.0| 88.2] 89.5
C(g/mole) 126 | 8.3 4.0
Cﬁ(”,m,,(g/mole) 29.6 144 —-038 (2.0)29)3_335

The heats of formation for all pertinent species
are well known. Entropies and heat capacities have
been obtained from group additivities and from
molecular thermodynamic calculations [3, 43].

Experimental parameters are (see data sheet for
references):

log A: 14.7 15.45 16.0 16.37 17.47

E: 79.3 87 86 88.0 91.74

log k: 5.58 6.80 6.00 6.14 5.99

From thermochemistry we estimate at 855 °K an
activation energy of 89.5 kcal/mole, which is within
RT of the latter two sets of parameters. Scaling
the A-factor to the estimated activation energy gives

Preferred: log k=16.85—89.5/6=—6.04.

From equation I-4.5-7, the reaction entropy at
855 °K, and the adjusted A-factor for decomposition,
one can calculate a rate constant for methyl-methyl
recombination of,

krec(l/mole-sec)=RT(A)e~257% = 10%* /mole-sec.

The experimental rate constant for recombination
determined at about 400 °K has been measured at
values between 10'3 and 10'¢ 1/mole-sec [44, 45,
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46]. The difference between the experimental and
calculated recombination rate constants is about a
factor of three, which is within experimental error
and is regarded here as a reasonably good agreement.

b. Benzyl-bromide
OCH,Br— @CH,- + Br-

Heats of formation of all species are again known
with reasonable certainty. Entropies and heat
capacities are also believed to be fairly accurate.
The thermodynamics of the reaction are shown
in table V-3.

The thermodynamics predict an activation energy
of 56.7 kcal/mole. The reported Arrhenius param-
eters are log £=13.0—50.5/0, which are certainly
too low. Since the rate constants are probably
representative of the decomposition, preferred
parameters have been obtained by scaling to the
thermodynamic activation energy.

TABLE V-3. Benzyl bromide decomposition thermodynamics

OCH, |BCH; | Br. [AX3ys AX8s0
Br
Stews) 88.4| 75.3 |41.8| 28.7| 30.6
AH® jra08) 16.0| 45.0 | 26.7| 55.7| 56.7
Chzom 28.21 256 | 5.0 2.4
(1.9) 208 —820°
Cho00) 64.5| 60.6 | 50| 1.1

Preferred: log k=14.65—56.7/6

From eq I-4.5-7, the reaction entropy at 820 °K,
and the adjusted A-factor for decomposition, one
can calculate the rate constant for the benzyl-
radical-bromine atom recombination.

krec = (RT)(A )e_ASO/R = 109'621/1’1’1016-86(:.

The kinetic theory collision frequency for bromine
atoms and benzyl radicals, using o2 =4.7 A°,
gives a second order rate constant of Z=1011
1/mole-sec. An estimation of the A-factor for re-
combination from this value can be made from the
following considerations. Statistically, only one in
four collisions leads to the (attractive) singlet
ground state (i.e., three out of four collisions form
a repulsive triplet state and therefore do not lead
to recombination). Empirically our results seem to



show that resonance in the product radicals infers
a “‘tighter” transition state and A-factors of recom-
bination seem to be lower than ‘“normal” for
resonance stabilized radicals by about a factor of
five. This might be considered to be a resonance
induced steric factor. Thus one can predict,
Apee = 1/20 X 1011:35 = 10190 ]1/mole-sec. It has been
shown (I-4.3-3) that for a recombination reaction
in concentration units, the experimental activation
energy should be, [E.=AE{+ RT]. When AE}=

and <AC{eey=0, this gives E.= RT. Thus our esti-
mated recombination rate constant from collision
theory is  pee=101"X e 1'=1057 1/mole-sec.
Although certainly fortuitous, the excellent agree-
ment between the two calculated recombination
rate constants is probably significant. First it tends
to support the preferred Arrhenius parameters
obtained by adjusting the reported values to the
thermodynamic estimates of the activation energy,
and second, it tends to support the usual assumption
of high efficiency for radical-radical recombination
reactions (i.e., that recombination rates may be
estimated from kinetic theory collision frequencies).

c. Azomethane CH;N=NCH,; — CH;N=N -

The heat of formation of the (CH;N=N -) radical
has not been measured by other methods, therefore
the azomethane reaction is representative of
reactions evaluated in terms of estimated A-factors
of dissociation. The estimated reaction thermo-
dynamics are shown in table V-4.

TABLE V—4. Azomethane decomposition thermodynamics

(CH;N): | (CHy) }(N=NCH3) |AX5, DX550 o
%00 71.0 | 46.4 64.2 | 39.6| 40.0
AH {05 43.8 | 34.0 62.3 | 52.7| 52.7
oy 20.1| 83 4.0| 1.9
<0.6>298—550
Cosooy 35.9| 12.7 22.01 1.6
Experimental parameters are:
(see data sheet for references)
log A: 14.2 15.7 16,5 17.3 14.5 159 16.5
E: 46 51.2 53.3 554 494 50.2 525

A recombination rate constant of the order of the
methyl-methyl recombination should be good to
about a factor of 2 or 3. Thus we assume k.=

10100205 }/mole-sec. From eq I-4.5-7 and the
reaction entropy at 550 °K, one calculates
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Af= % eASIR = 1(17-120.5ga -1,

From the thermochemistry one obtains
Eacgesy = 52.7 keal.

These estimates are in good agrecment with most of
the data. Heats of formation of azomethane and the
product radical are those obtained from the azo
and amine data analysis (see V=7.0, 8.0).

5.0. High and Low A-Factors in Bond Fission
Reactions

Most of the early kinetic studies of bond fission
reactions reported A-factors in the range of 10"
sec™!. These values were consistent with the Rice-
Ramsperger-Kassel theory of unimolecular reactions
(which stated that all A-factors for such reactions
should be in the range of molecular vibration fre-
quencies) and were therefore termed ‘‘normal”.
Such confidence was placed in the constancy of
“normal” frequency factors, that some experi-
mentors were content to measure unimolecular
reaction rate constants at one temperature, assume
A=10"2 sec~!, and then calculate the reaction
activation energy.

As more data were accumulated, an increasing
number of “abnormal” high-frequency factor reac-
tions were found. Originally it appeared that the
activation energies for many of these reactions were
higher (e.g., mercury alkyls) or were lower (e.g.,
azoalkanes) than any single bond dissociation energy
in the molecule. (This conclusion was usually
based on erroneous values of the pertinent free
radical heats of formation.) Simultaneous bond
rupture of two or more bonds was therefore con-
sidered likely. A number of “multiple critical
oscillator theories,” which essentially formulated
theoretical A4-factor expressions for simultaneous
multiple bond rupture, were proposed to explain
the high A-factors [47, 48, 49]. As more reliable
heat of formation data became available, it soon
became apparent that the activation energies of
most of these anomalous reactions were not really
anomalous, but instead, were quite close to the
bond dissociation energies of the weakest bonds.
In addition, estimates of radical entropies and dis-

- sociation reaction entropies, in conjunction with

reasonable assumptions about the rate constants
of recombination, soon indicated that high A-
factors f(i.e., 1017 gsec™!) should be the rule
rather than the exception [27, 50]. This certainly
is supported by the findings of this monograph.
The more recent experimental results in all systems
invariably and consistently support higher Arrhenius



TABLE V-5. Hexamethylethane decomposition thermodynamics

hexamethylethane ((CH;);C—C(CHs))

T=1050 °K

2 t-butyl ((CH,):C )

HME {t—Bu) T V=0 V=4 V
V=0 V=4 V=8 | AX], AX; 1AV, o AXy AXSo AX7

Shou 93.2] 754 70.3 67.6 57.6 47.4 47.4 44.7 42.0 40.1
AH} —54.7| 6.8 6.8 6.8 | 683 62.2 68.3 66.7 68.3 67.2
Chm 4591187 226 21.7 | —85 -07 —-25
Ch o) 106.2 49.2 51.3 52.8 | —17.8 (=8.2) —3.6 (=2.2) —0.6 (=1.5)
log kqoso 5.02 3.50 2.39
parameters. We have found no reaction whose  that they are generally low. It has usually been

A-factor needed to be rationalized by a multiple
reaction path process. The contrary seems true.
High A-factors are more consistent with transition
state estimates of the entropies of activation for
single-bond rupture than are low A-factors. Also,
recombination rate constants calculated for such
reactions have values close to those one might
predict from kinetic theory considerations, and are
therefore intuitively reasonable. Thus, we feel that
single bond rupture is the only important reaction
path in gas phase bond dissociation reactions and
that the “normal” low A-factors reported for many
bond fission reactions will eventually be shown to
be incorrect.

6.0. Rotational Barriers in Radicals and
Single Shock Tube Kinetic Results

Single-pulse shock tube techniques have pro-
vided what appear to be fairly reliable measures of
the rate constant parameters of bond dissociation
in a number of hydrocarbons. In addition, absolute
rate constant determinations for methyl, ethyl,
isopropyl, and ¢-butyl radical recombinations have
also been made. It is possible, therefore, to check
the kinetics of the hydrocarbon decompositions
with the estimated reaction thermodynamics. A
quick perusal of the results indicates that the re-
ported activation energies (ignoring heat capacity
corrections for the moment) are in fairly good agree-
ment with the estimated reaction enthalpies at the
mean reaction temperatures. However, the A-factor
entropy relations are somewhat surprising. Proper
estimation of radical entropies could be the major
problem. For example, the symmetries of the radi-
cals are not known, although recent evidence seems
to support sp> hybridization (or flat radicals). In
addition, the barriers to internal rotations are also
not known, although E.S.R. results tend to indicate
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assumed that on geometric grounds, the methyl
rotational barriers in the ethyl and ¢-buty! radicals
are zero. However, the reaction kinetics suggest
considerably higher barriers, as the calculations
in table V-5 illustrate.

The heat capacities and entropies of the t-butyl
radical have been calculated by straightforward
molecular considerations for three possible rota-
tional barriers, V=0, V=4, V=8 kcal/mole '*
and o==6(3p. It is quite apparent that the entropy
of the ¢-butyl radical is very sensitive to the magni-
tude of the internal barriers to methyl rotation.
This is also the case for the reaction enthalpy and
entropy. From the kinetics. kpe=10%% l/mole-sec
and IOg kdiss =16.3— 68.5/0

kgiss (1030 o) = 2.09.
E=AH{=68.5 kcal.

TA,
AS°=2.303R log (i f) =40.0 g/mole.

The log of the rate constant for dissociation calcu-
lated from the experimental recombination rate
constants and the estimated thermodynamics are
given in the last row of the above table. It is apparent
that the best agreement between experimental and
calculated rate constants, enthalpies, and entropies
of reaction is obtained _for rotational barriers of
8 kcal/mole. The same conclusion is reached by
similar analysis of the other hydrocarbon dissocia-
tion reactions.

As a second example, the dissociation reaction
thermodynamics of 2,3-dimethylbutane to two iso-
propyl radicals are shown in table V-6.

2 For details of the methods used in making these estimates
from molecular and thermodynamic considerations, see ref.

[3-VI} and appendices A and C.



TABLE V—-6. 2.3-Dimethylbutane decomposition thermodynamics

2,3-dimethylbutane (>—<>

T=1100 K2isopr0pyl (>>

V=0 V=4 V=28

23DMB | V=0 | V=4 | V=8 | AXS, AXS | AXS,, AXS | AXS,, — AXS
SZos 87.4 69.0 65.4 63.8 50.6 | 46.3 434 | 43.4 40.2 41.8
AH 294 —42.5 17.6 77.7 75.1 71.7 77.7 71.7 78.7
CS20m) 33.6 | 151 17.7| 17.1| -34| 1.8 0.6
Cictann) 791 37.9| 391| 403 —33 |33 _g9| (O 15 (12
lOg k(] 100) 3.27 2.15 1.55
From the kinetics, kpe= 10" 1/mole-sec ¥ and 6.1. Rotational Barrier Entropy Corrections

E=AH?=176.0 kcal
10161

AS°=14.575 log <RTX W) =39.2 g/mole.

Again the entropy of reaction and overall rate con-
stant for dissociation estimated for the V=8.0
kcal barrier to rotation give the best agreement
with the observed kinetics.

The discrepancy between the reaction entropies
and the A-factors of dissociation and recombination
means one of three things. The rate constants of
dissociation are too low, the rate constants for
recombination are too high, the entropies of the
product radicals are lower than expected (i.e., rota-
tional barriers are of the order of 8 kcal/mole).

It is difficult to see how rotational barriers in
radicals (e.g., ¢t-butyl radical) can be significantly
greater than zero. It is also difficult to believe that
radical-radical recombination rates can be in error
by the several orders of magnitude needed to recon-
cile the kinetic results with the thermodynamic
estimates.

From the two representative reactions illustrated
above, we see that (with the exception of the V=10
kcal/mole rotational barrier medel in hexamethyl-
ethane), the reaction enthalpies are all within +=2
kcal/mole of the observed activation energies.

This experimental equivalence of E, and AH?
(within experimental error) strongly supports the
validity of the single-pulse shock tube data (see
V-3.0, 4.0). Thus the dilemma is posed and further
study along these lines is needed.

13 The value of 4. =10'"# [/mole-sec reported in the literature
{51] is higher than either methyl or ethyl radical recombinations
and therefore seems too high.

In table V-7 are listed the entropy changes per
rotor in going from the alkane (RH) to the free
radical (R.) as a function of barrier change and
temperature. Values listed have been calculated
from the data source for table C-5. A “normal”
average barrier of ¥=4.0 kcal/mole has been as-
sumed for the rotations in the alkane. Other entropy
changes such as electron spin and vibrational fre-
quency differences are not included.

TABLE V-7. Free radical rotational barrier entropy corrections

T °K AS®/rotor AS°/rotor AS®/rotor
V(4.0— 0) V({4.0— 2) V(4.0—8)
300 +1.8 +0.9 —0.7
500 +1.3 +0.7 —-0.7
800 +0.8 +0.5 -—0.8
1000 +0.4 +0.1 —-0.7

All values are in units of g/mole.

If not otherwise indicated, the entropies of radi-
cals given on the data sheets are for normal rota-
tional barriers (i.e., no correction for barrier change
in the radical relative to the alkane). This seemed
the most reasonable procedure to follow since the
true barriers are not known. However, one can
readily convert the calculated reaction entropy at
the reaction temperatures to the reaction entropy
corresponding to 0, 2, and 8 kcal/mole rotational
barriers with fairly good aceuracy by applying the
above corrections. For example, in the hexamethyl-
ethane decomposition (see table V-5), the reaction
entropy at 1050 °K for normal (i.e., 4 kcal/mole) rota-
tional barriers in the product ¢-butyl radicals is
AS°(V'=14) 1050=144.7 g/mole. To obtain the reaction
entropy when rotational barriers are 8 kcal/mole,
one applies the corrections of table V-7. Thus,



ASO( V— 8) 1050 — ASO(V: 4) 1050 T 6(— 07) =40.5
g/mole. This may be compared to the value of 40.1
g/mole which is obtained from the relation,
AS°(V = 8) 1050 = AS°(V = 8) 205+ (AC;)
(1050/298).

When not otherwise indicated, the recombination
rate constants given on the data sheets refer to
values calculated for 4.0 kcal/mole barriers in the
radicals. If recombination rate constants estimated
for other barrier values are desired, they may readily
be obtained from the corrected reaction entropies as
indicated above. In general, “higher” than normal
rotational barriers will raise the recombination rate
constants while lower barriers will produce the oppo-
site effect. For the hydrocarbon decompositions the
calculated recombination rate constants have been
listed with error limits. For example, A (tBu+tBu)=
108-2:42 1fmole-sec. The high and low limits refer to
estimated values based on rotational barriers in the
radicals of 8 and 0 kcal/mole, respectively. It should
be remembered that similar uncertainties exist in
the calculated recombination rate constants for all
radicals with internal rotation barrier uncertainties.

I'=8 X ln
298 — 1050

7.0. Problems in the Kinetics of Azo
Compound Decompositions

The kinetic data on azo compound reactions are
extensive; however they are not easily analyzed by
thermochemical considerations, since neither heats
of formation of the product radicals nor heats of
formation of the azo compounds themselves have
been independently determined. The single excep-
tion to the above is the heat of formation of azoiso-
propane where combustion techniques give,
AH;(iPrN==NiPr) sos= 19.5+ 1.0 kcal/mole.

It is possible to generate all of the unknown heats
of formation (i.e., of both radicals and compounds)
from the experimental activation energies for de-
composition and from the azoisopropane heat of
formation if we make the following assumptions:
(1) Kinetics of the alkyl azo compound decomposi-
tions pertain to single bond rupture. (2) Group addi-
tivities are valid in the radicals as well as in the
parent azo compounds. (3) The azo radical group
value [N,—(N4-XC)] is not affected by the nature
of the alkyl group bonded to the nitrogen opposite
the radical center. We will discuss the first of these
assumptions later. The latter two are quite reason-
able since one can envisage no real reason why any
unusual next to nearest neighbor interracions should
be important in the azo compounds or in the azo
radicals." In the following, the method of deriving

14 The radical center is fairly localized on the end azo nitrogen
and an interaction between that radical center and groups more
than two atoms away does not seem reasonable.
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the pertinent enthalpy group additivities is given,
and the “reasonableness” of the resulting groups
is examined by comparison to well established group
values of a similar kind.

Consider the single bond rupture of a linear chain,
symmetrical, azo compound.

I. RN=NR — R-+:N=NR
AH°=DH°(RNN—R).

The reaction enthalpy written in terms of the various
groups whose natures are changing is given by

E,=AH;= [Na\—(N, ) (CO)] + [C—(H) x (C) 5, _«]
- [2(NA_ C)] + [C—(NA)(H)X(C).’i-X] —n,G.

Here the group notations have their usual sig-
nificance and n4 is the number of gauche (G) inter-
ractions around the (C—N,) bond which is breaking.
We assume from the kinetics that the reaction
enthalpies for dissociation of azomethane, azo-
ethane, azoisopropane, and azobutane are 52.5,
50.0, 47.5, and 43.5 kcal/mole, respectively (see
data sheets). The heat of formation of azoisopropane
gives a fifth relation. There are a total of six group
unknowns ([Ny,—(N4-)(C)], [C—N,], and four
[C—(NL)H)x(Ck-x]). By making the usual assump-
tion, that a methyl group in all environments is the
same as the methyl in alkanes, the equations can be
solved and the group values (column 2, table
V—-8) are obtained. A comparison with the other
group values in the table shows that the alkyl azo
groups are very similar to the hydrocarbon groups
and significantly less stabilizing than are the alkyl
amine and alkyl oxygen groups. Such a variation is
qualitatively expected since the (—N=N-—) group
should not be as effective in polarizing adjacent
alkyl groups as should O and N atoms. The derived
group additivities of table V-8 are therefore not
inreasonable.

Using the groups, it is now possible to predict the
activation energies of other azo compound reactions.
Predictions and observed values are shown in

table V-9. Since the estimates should be good

to about £2 kcal/mole, it is clear that there is very

good agreement between observed and estimated

activation energies. Note also that the transition
state (biradical mechanism) estimated A-factors of
the pyrazoline decompositions and azirine decompo-
sitions are in excellent agreement with those
observed.

It can be argued, and legitimately so, that the
assumption of single bond rupture in alkyl azo com-
pounds coupled with the fitting of the thermody-
namics to the kinetics is begging the real question



TABLE V-8. Enthalpy (kcallmole) group additivities

Group AH; Group AH}’ Group AH}’
[Na—(Na-XCO)] 72.4 | [C—Ca)(HR(C)] —4.8 | [C—(N)(H}] —6.6
[Na—C] 32.0 | [C—Ca)(H)C:] —1.5 | [C—N)H)C)] —5.2
[C—(NA)H)] —10.1 | [C—Ca)(C)] +1.7 | [C—(N)(C)] —3.2
[C—(NAH)(C)] —5.8 | [C—(C)(H)] —5.0 | [C—O)HE(C)] —8.5
[C—(NA)HXC)] —2.1 | [C—Cx(H)] —1.9 | [C—O)H)XC).] —7.0
[C—(NA)C)] +0.3 | [C—(C)] +0.5 | [C—OXCx] —6.6

and necessarily ‘“forcing” the good agreement
between prediction and observation displayed in
table V-9. It is well known that the enthalpy of
the second (C—N,) bond rupture is very exothermic.
Thus in azomethane,

1I. CH;N:NCH;_l—)CH;N:N -+ CH;; N
DH°(CH;N=N—CH;)=DH? = 52.5 kcal/mole.

L CH,N=N- —2>CH, -+ N,
DH°(CH3;N=N -) =DH ;=< —28.3 kcal/mole.

Since,

DH?—DH;=2AH ;(CH;)— AH?(CH;N=NCHy)
=68.0—43.8=24.2 kcal/mole.

Simultaneous stretching of the second (C—N,)
bond in the process of the first bond rupture, as a
result of the DHS exothermicity (which increases
with the stabilization of the radical leaving group),
could lead to a lower energy configuration of the
transition state and therefore result in an activation
energy significantly lower than the weakest bond
dissociation energy in the molecule. Such a decom-
position mode has been favored by many and has
been termed simultaneous or concerted two-
bond rupture (see section V-5.0). There is very
good evidence to support two-bond rupture in
some special systems studied in solution. Thus
comparing the activation energies observed for the
decomposition of the following compounds,

@CH(CH;)N=NCH; [52] (E=38.6),
OCH(CH;)N=NCH(CHj;): [53] (E=36.5),

and
@CH(CH3)N=NCH(CH,)@ [53] (E=32.6)

all in kcal/mole, we see a successive decrease in
activation energies and increase in reaction rates
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as the stability of the second R group is increased
by CH; and @ substitutions.!”

On the other hand, the isotope studies of Seltzer
[53] indicate that there is very little second (C—N )
bond stretch in the transition state when the second
R leaving group is methyl. Thus for the compounds,

ACH(CH;)N=NCH;
@CD(CH:;)N:—NCH:;
@CH( CH; )NZNCD;

and
decomposition rates at 161 °C in solution were 1.16,
1.04, and 1.19 X 10—+ sec™!, respectively. The single
deuterium substitution at the a-carbon center in-
volved in the first bond rupture, produced an ap-
preciable secondary isotope effect; however, com-
plete deuteration of the methyl (second R) leaving
group had almost no effect on the reaction rate.

All these facts suggest that some two-bond rup-
ture may occur in cases where substitution « to
the N, can lead to appreciable stabilization of the
second R leaving group (i.e., the R of the azo
radical), but that one-bond rupture is the principal
decomposition mode for simpler azo compounds.

One bond rupture is, therefore, the favored re-
action mode for all the gas phase azo compound
decompositions in this monograph. The rather good
agreement between the predicted and observed
activation energies for the azotoluene reaction
(where a benzyl resonance stabilization of the second
R leaving group is possible), lends further support
to the above assertion.

Thermodynamics of Single-Bond Rupture

If one-bond rupture in the alkyl azo compounds
is correct, the activation energies observed are
necessarily direct measures of the (C—N,) bond

' Also, while azobenzene does not decompose to radicals
thermally, @N=NC(@); [54] decomposes at an appreciable rate
at 50 °C while (9),CN=NC(@), [55] is so unstable it cannot be

isolated even at —40 °C.



TABLE V-9. Summary of predicted and observed activation energies in azo compound decompositions.

Reactant Ecaier Eops) log Acaic log Agns
CH;N=NCH, 4525 52.5

C,H;N=NC.H; a50.0 | 5.2, 485 16.0, 15.7
n-CyHoN=NC,Hyn 50.0 | 47.5,53.2 15.45, 17.71

(CHs): CHCH,N==N CH, CH(CHj), 50.0 49.0 16.2
iPrN=NiPr 4475 40.7 13.75
C:2H;(CH;)CHN=NCH(CH;)C.H, 475 48.4 17.28
CH,N=NCH(CHs). 415 47.8 15.45
tBuN=N¢Bu 1435 | 42.8,43.0 16.34,17.15

- 44.0 42.4 16.0 15.9
~ 44.0 41.0 16.0 15.83
o 415 41.0 15.67
NN 375 40.0 15.83

NG cis 41.5 40.3 15.5
i 375 38.9 15.42
N 37.5 37.7 14.6 14.48
x4 30.7 33.17 13.89
h 30.7 31.9 13.9 13.73

Q<E 30.7 30.5 13.4
(j&“ 30.7 30.87 13.34

@CH,N=NCH.® 37.4 35.0 14.1

2 Values assumed in order to obtain the radical and reactant thermochemical group values.
b Activation energies of the azo compounds have been obtained from the biradical mechanism,

example:

Assume

E, = V, (internal rotation of R& N=N:) = 1 kcal/mole

Then

E,= DH°(:BuN=NtBu) — Eain; Fsirain = 6 kcal/mole.

335-876 O-70—4

| Ny
Ne
){'\N ——72 >/\/

E\=AE; ,+ E;=DH°*(tBuN=NtBu) — Egyrain —RT + E:
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dissociation energies. The thermochemistry of
azomethane, reactions II and III, gives the relations,
DH+DH3=24.2 kcal/mole. Also, the difference
between the first and second dissociation energies
should roughly equal the second pi bond energy in
nitrogen. DH{—DH 3= myn-y). From the reaction
enthalpies one then obtains man-y)=80.8 kcal/
mole. Similarly, two-bond rupture requires that
an=n) > 80.8 kcal/mole. By way of comparison
we note that the pi bond energy in carbonyl com-
pounds (m=¢)) is 75 kecal/mole, and the pi bond
energies in alkenes and alkynes are (ma(c=c))=73
kcal/mole and (mi(¢c=c)) =60.0 kcal/mole, re-
spectively. A second pi bond energy in nitrogen
much in excess of 81 kcal/mole does not therefore
seem very likely.

8.0. Some Problems in the Amine and Hydra--

zine Decompositions

The Arrhenius A-factors of the hydrazine and
amine decompositions are all less than the normal
ekT/h value; some are significantly lower. Such a
situation implies negative entropies of activation,
which, in the case of simple bond fission reactions,
is just not reasonable. We have chosen to discuss
the thermal decompositions of the amines and
hydrazines because their studies are typical ones
in which the toluene carrier and aniline carrier
techniques have been employed, and because the
heats of formation of the product radicals have not
as yet been determined by other methods.

There is and will be a natural tendency to use the
activation energies in these studies to determine
the heats of formation of the product amine radicals.
Since the reported kinetic parameters are certainly
too low, such procedures could lead to confusing
the literature for a time with heats of formation of
the amine radicals which are very probably too low
by as much as 4 to 6 kcal/mole. Such a history has
already transpired in the cases of the alkyl, benzyl,
and allyl radicals. A quick perusal of the dissociation
reaction enthalpies of the hydrocarbons based on
the more recent and reliable heats of formation of
the above radicals quickly reveals that the original
Arrhenius parameters reported in the hydrocarbon
decompositions (via the toluene carrier technique)
were too low. The present situation for the amines
and hydrazines is almost certainly the same. Re-
combination rate constants of the product radicals
have been estimated from the reported A-factors
and the reaction entropies. These are compared with
the structurally similar hydrocarbon radical re-
combination reactions in table V—10.

It is seen that considerably lower recombination
rates for amine radicals (with values lower by about
1.4 powers of 10 per nitrogen at the bond fission
center) are calculated. If these recombination rate
constants were correct, they would represent the
lowest rates of their kind known. One would then
have to conclude that there is something very
peculiar about free radicals with the odd electron
on nitrogen. It should be noted that the calculated

TABLE V-10. Recombination rate constants {k...l{mole-sec).

Recombination rate constants for nitrogen compounds Hydrocarbon analog
Reaction ¢ log krec log krec Reaction
(experimental) | (analog exp)

N204:2N02 8.2 9.8 CHs+ CH:;
N,O;=NO, + NO; 8.6 9.8 CH:; -+ CH:;
N.H,==2NH, 6.2 9.8 CH;+ CH;
CH;NH—NH,=CH;NH+NH, 5.9 9.6 CH;+ C,H;
ONH—-NH.=0ONH + NH, 5.8 9.0 ACH,+ CH;
PONHCH;=®NH + CH; 7.5 9.0 (BCH,+ CH;
OCH,—NHCH;=@CH, + NHCH; 5.9 8.7 ACH.+ C.H;
CH;N=NCH;3CH3+ NNCH; 9.2
(CH;),CHN=NCH(CH;),==:Pr+ NNiPr 9.4
tBuN=N¢Bu==ztBu + NN:Bu 9.9

« Calculated from the observed 4-factors for decomposition and the estimated decomposition reaction entropies.



TABLE V-11.

Amine radical thermochemistry via adjusted decomposition Arrhenius parameters

Reaction log A E (scaled) AH 3y, AH(R")
(scaled)

N.H,—2 NH, 16.6 71.2 71.2 | 47.0 (NHy.)
CH;NHNH,—CH,NH + NH., 16.7 64.8 638 | 40.0% (CH,NH)
(CH,),NNH,—(CH,),N + NH, 16.9 62.7 63.0 | 37.42 [(CH;LN]
@ONHNH,— @NH+ - NH. 15.5 51.1 51.1 55.4% (ONH)
@NHCH;—@NH + CH,- 15.3 67.7 67.7 | 54.4 (ONH)
@CH,NH,—@CH,+ NH, 15.3 69.8 68.5 | 44.5(NH,)
@CH,NHCH,—@CH, + HNCH, 15.7 69.0 68.0 | 44.5 (CH,NH)
@N(CH;).—~@NCH; + CH, 15.0 65.2 64.8 | 53.5" (@NCH,)

2 Obtained using the “best” value for AH?(NH; ) =45.0 keal/mole. .

b There is good reason to suspect the group additivity values in this system. Methyl substitution at a mtrogen center
in the alkyl amines produces a slight stabilization (1.8 kcal/mole). One might expect a similar behavior for aryl amines..
However the group values predict a slight decrease in stability in the aryl amines. If the group values are wrong for the

latter, then AH}’(QNCH;;) =49.6 kcal/mole.

recombination rate constants for azo and alkyl
radicals are very similar to the hydrocarbon analogs,
although some question concerning the proper
interpretation of the azo compound kinetics does
exist (see V—7.0).

By far the more reasonable alternative is that the
recombination rate constants should be close to
normal (i.e., like their hydrocarbon counterpart).
Thus the preferred A-factors for the amine and
hydrazine reactions should be higher than observed
by about the differences indicated in table V-10.

If the higher A-factors are assumed and the ex-
perimental rate constants are accepted, then “more
reasonable” activation energies and heats of forma-
tion of the pertinent radicals can be estimated. The
results of such estimates are summarized in table
V-11.

Our “best” values for the various amine radical
heats of formation are:

AH;(NHz) =45.0 kcal/mole
AH;(CHgNH)=4‘1.7 kecal/mole
AH7(N(CH;).)=37.4 kcal/mole
AH}’.(QNH)= 55.0 kcal/mole
AH(ONCH3z)=49.6 kcal/mole

The DH°(N—H) bond dissociation energies
(kcal/mole) in several compounds compared to
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analogous DH°(C—H) and DH°(HO—H) values

are shown below.

DH°(CH;—H)=104
DHO(CH:;CHZ_H)z 98
DH°(NH,—H)=109.1

DH°(CH;NH—H)= 98.4
DH°(HO—~H)=118.9
DH°(CH;0—H)=104.1
DH°(F-H)=134
The sequence of increasing bond strengths seems
inherently reasonable. This sequence would not

exist if the kinetics were accepted as reported

(i.e., with AH?(NH,) =41 kcal/mole).

9.0 Summary of the Calculated A-Factors

for Radical-Radical Recombination

Reactions.?
Reaction log kyec
atoms+radical
CH,=CH—-CH,-+ H- 10.4-11.7 (10.7)

See footnote at end of table.



9.0. Summary of Calculated 4-Factors for Radical-Radical {(Resonance Stabilized) Reactions —Continued

Reaction log krec Reaction l0g krec i‘ba‘rrier
uncertainties
atoms + radical radical-radical
. 2C,H;0- 8.9
+CH.(CH3)C =CH,+H - | 10.5-11.7 10.7) 2n-2C;H,0- 8.9
CH,- +H- 1.4 2(Bu0- 8.3
?-+ Br- 10.4
CH,=CH—-CH,-+Br: unreliable CH,;- + CH;0- 9.9
OCH.,: + Br- 9.9 C.H;- + C,H;0- [9.7 assumed]
QCO+BY’ 9.5 CH;;'+CH3' 9.9
BCH,-+Cl- 9.6 40.2
?CO-+ Cl- 10.9 (too high) 2C,H;- 10.0 _ 43
C.H;s-+ 1 9.8 +0.5
NO,-+ClI: 9.5 CH;+ ¢Bu- 93 _o3
diatomic radicals + radical CH;+ CH:;CHCH(CH;;)g 9.0 +=0.5
@CH,- + HS- 9.7 2iPr- 9.2 =0.3
CH,-+HS- 9.4 (in fallo +0.9
C.H, + HS- 10.2( & 2tBu- 8.3 —0.6
t-BuO-+-OH 9.9 iPr-+ tBu- 8.7 +0.8
iPrO-+-OH 9.9 —04
C.H;O0-+ -OH 9.7 CH;-+ NO, 10.0
CH:;O' + -OH 9.6 CZHS' +N02 9.9
CH:;O' + NO 94 CH:; -+ CH;NN 94
C.H,0-+NO 9.8 C,H;-+ C:H;NN- 9.0
n-C3H;0 -+ NO 10.1 n-CsHy* + n-CsHyNN- 9.0
i-PrO- + NO 9.9 i-Bu- + (CH3),CHN=N- 9.0
n-CsHyO-+NO 10.1 sec-Bu-+CH;CH,CH(CHy)N=N- | 8.4=+0.3
i-Pr-+(CH;),CHN=N- 8.5+0.3
t-Bu- + (CH,},CN=N- 89703
radical-radical
(resonance stabilized)
OCH,- + CH;- 9.0
- +0.2
“The A-factors have been calculated from the reaction @CH,: + C.Hs: 8.7_ 0.1
entropy (AS?) and the preferred A-factors for decomposi- +0.2
tion using eq I-4.5-7 (AC?-=O). OCH.- +n-CHs 8'7—0.1
We have also assumed that the activation energies of @CHCH;;—I—CH:;- 8.6+0.2
all recombination reactions at 0 °K are zero, and that ro- CH. Q)CHCH- + CH.- 91+02
tational barriers about bonds to radical centers are about CJCH + éH . g (7 87""0 3
the same in the radical as in the parent molecule formed QC;—I :;)%SCH 3, 8 2 f - 'k' .
by replacing the radical center by a (C—H) bond. The OCH, + 3 -2 Irom kinetics
kinds of variations one might expect if rotational barriers 0S-+ CHy- 8.7
were reduced to zero or increased as high as 8 kcal/mole CH,-+ -COOH (8.3) assumed
are indicated for a few instances by lower and upper (kinetics = 1078
limits (respectively). These are barrier uncertainties only. 1/mole-sec)
Actual error limits could be much larger. QzCH+ ‘COOH (8.1) assumed
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Radical-radical (resonance stabilized) reactions —Continued

Reaction log kpec i.ba.rrier Reaction log % rec = barrier
uncertainties uncertainties
CH;CO + @CH.; 8.7 CH:}' + allyl. 9.8
CF;;' + Q(;O 8.4- 2 CH{CO 8-5
@+ BCO 8.8 CH, + CH,CO 9.1
2 OCO 8.8 allyl- + CH,S0,- 7.6
2 nPrCO,- 8.7 benzyl- + CH;3S0,: 8.0
2 C,H;CO,- 8.8 CH;-+ (CH;).CC=N 74
2 CH,CO,- 8.7 CH;-+ @C(CH;)C=N 7.4
CH,CO,-+ @CH.,- 8.4 CH,-+ -CH,C=N 7.9

VI. Free Radical Reactions

1.0. Characteristics and Reliability of the
Experimental Data

Direct experimental kinetic data on free radical
unimolecular reactions (isomerizations and decom-
positions) are quite limited. Fewer than 50 such
reactions are reported here. Some reactions ap-
propriate to this monograph may have been over-
looked;'* however, we believe their number to be
few.

With the very substantial increase in reliable
thermodynamic data on free radicals (i.e., experi-
mentally determined heats of formation and third
law entropy estimates) and with some fairly reliable
measurements of the kinetics of the back reactions,
it has been possible to calculate with reasonable
confidence the kinetic parameters of the free radical
reactions compiled here. Such calculations, as may
be seen on the data sheets, are not often in agree-
ment with the experimental results. We take this
to mean that much of the unimolecular rate data on
free radical reactions is not very reliable. This is
really not surprising in view of the experimental
difficulties and mechanistic complications which
must be resolved before reliable kinetic results
can be realized. It is perhaps instructive to briefly
examine some of these problems.

To study the kinetics of a radical reaction, the
following are necessary: (1) to generate unam-
biguously the radical of interest; (2) to identify

16 Pertinent kinetic results are often buried in the reaction
scheme details of studies directed toward other objectives and
have not been properly abstracted.
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and analyze specifically the products of the reac-,
tion; and (3) to place the kinetics on an absolute
basis.

Requirement No. 1. A number of techniques for
generating radicals have been employed. These in-
clude Hg(3P,) photosensitization of alkanes, photo-
chemical decomposition of aldehydes and ketones,
radical sensitized decompositions of aldehydes, and
atom and radical additions to olefins (i.e., chemical
activation). The Hg photosensitization studies are
nonselective with regard to radical geometry. Thus
with propane both isopropyl and n-propyl radicals
are formed.

Requirement No. 2. In chemical activation proc-
esses addition can occur on either side of the double
bond. This often leads to different radical species.
Also, the radicals formed are ““hot.”” This can lead
to pressure dependent kinetics. '

Photochemical and radical sensitized decomposi-
tions of aldehyde systems were designed to over-
come the first requirement since it was believed,
with some supporting evidence, that the only im-
portant reactions in these systems were:

Photochemical RCHO + hy 25 R+CHO

CHO+M 2% co+H+M

R’ + RCHO —2> R'H+ RCO

followed by

Sensitized

RCO 254 R+ co.



However, H-abstractions at other positions lead to
complications, particularly with regard to Require-
ment No. 2. For example, in the photochemical
decomposition of isobutyraldehyde, the reactions
of interest are:

1

(CH,;),CHCHO + R° = (CH,),CHCO (RCO)+ RH

R'CO3 (CH,,CH (iPr-) + CO
[lPI‘ é’ H +C3H6
[iPr' :4“) CH:; + C2H4]

2Pr-> (iPr)s

Decompositions 3 and 4 * may be monitored by the
rates of H. or C3Hy production and of CH, or C,H,
production, respectively. Complications are as
follows: Down chain (type I) primary process fission
(6) will lead to increased yields of methane

(CH;LCHCHO & CH,CHCHO+ CH,

and, at higher temperatures, hydrogen (7). Calvert
[56] has examined the data

CH,CHCHO % H+ CH,CH=C=0

for this type of process and found it to be important.
Reactions (8) and (9) lead to increased propylene

and H; yields:
R+ A2 .CH,—CH(CH,)CHOR"CO)+ RH

R'COZ C,H, + CHO.

Corrections for these reactions have usually been
made by determining the kinetics of reaction 8 at
lower temperatures where reactions 3 and 4 are not
important and subtracting the calculated propylene
yields due to reaction 8 at higher temperature from
the total propylene yields. The difference is then
attributed to reaction 3. A possible complication
with this procedure, however, is that the nature of
the radical R (in reaction 8) undoubtedly changes
with temperature. Thus at low temperatures, R is
principally iPr- while at high temperatures R is

*Reaction 4 probably doesn’t occur.
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principally H and CHj. This almost certainly will
result in an increased importance to reactions
8 and 9, since the H-abstraction selectivity favoring
the aldehydic hydrogen will no longer be very great.
In fact, with H-atoms, abstraction from the methyl
groups of the aldehyde may even be favored. It is
evident that identification of product yields with
specific radical decomposition processes is not
straightforward.

Requirement No. 3. Assuming that the radicals
of interest are properly generated and their decom-
position products can be unambiguously determined,
the reaction rates must still be placed on an abso-
lute basis. Generally decomposition and isomeriza-
tion rates are measured relative to a monitoring
or reference reaction whose kinetics are known.
Radical-radical recombinations are the obvious
choices. However, at the higher temperatures where
the radicals are decomposing at an appreciable
rate, the recombination reactions have ceased to be
important and their products are not easily meas-
ured accurately. The usual procedure is to deter-
mine the relative rates of H-abstraction to recombi-
nation at low temperatures (reactions 11 and 10
respectively).

R-+R- 2R,

R-+ALRH+A-,

Corrections for the formation of RH by dispropor-
tionation (12) are also made.

R-+R-2RH+R_,

The radical decomposition is then measured rela-
tive to the formation of RH via H-abstraction from
the parent compound.

Two difficuliies are evident in this procedure.
First, the H-abstraction parameters may well change
with temperature since abstraction at other posi-
tions on 4 may become increasingly more important.
Second, radical-radical recombination rates are not
known very accurately. As a result, the values for
reaction 10 are guessed, and generally range from
101® ]/mole-sec to 10*! l/mole-sec. This leads to an
uncertainty of at least a factor of 3 in the absolute
reaction rates.

It appears that all systems have complications
and that a full understanding of all the secondary
radical reactions taking place in any system is
essential to a proper interpretation of kinetic data
on any particular radical reaction. A good summary
of the experimental approaches employed in the



study of the alkyl radical reactions has been given
by Kerr and Trotman-Dickenson [57].

In a relatively large fraction of the studies re-
viewed, no A-factors were reported. This is unfor-
tunate, although understandable in view of the
historic interest principally in activation energies.
When such omissions occurred, given sufficient
data in the paper, we have attempted to calculate
the A-factors. These values are indicated by paren-
thesis on the data sheets. Assumptions required in
these A-factor estimates are noted on the data
sheets under “comments.” We would like to sug-
gest that considerably more work in the direct
study of free radical unimolecular reactions is
needed and should be pursued. Among the objec-

tives of such work should be the determining of both
Arrhenius parameters A and E, and their correla-
tion with the reaction thermodynamics.

2.0. Transition State Estimates of the 4-factor
for Radical Decompositions

If one assumes that the transition states for the
free radical reactions are relatively “tight” and
that the vibrational frequencies of the various bonds
are those suggested in Appendices B and C, then
fairly reasonable estimates of the A-factors for these
reactions can be made. Below are illustrated transi-
tion state calculations for decompositions of the
n-propyl radical.

A. H-atom elimination: (T ~ 600 °K)
H

) . ;
CH;CH.CH;~(CH;CH-—CH,)* —CH;CH=CH,+H
o=6,n=2 ot=3, nt=2

AS}=S°|(Pse)+ (H C\C)s7s+ (H C\H)m
+(C=C)i300+ (C-H)jr.c. 2200] —
S°&-CH-;—€ Et)_s+ (H/C C)uisot (H/C “H)ias0
+ (C—H)so00 +

11
o C)moo]-i—Rln( ~)=[21+15+11+04

+r.c]—[5.6—09+05+03+0.7]+R In4=+1.7

A H-atom

kT {As,f

=L = 1013.9 -1
5 R} 10 sec

B. CH; Elimination: (T ~ 600°K)!?
CH;CH,CH, —(CHj- CH24éH2)‘—»CH3+CH2=CH2

o=6,n=1 ot=
AS}=S(C-Chre. + (C=C)+ (Pae + c/c C)

+ 2(CHa)se mcks]
— SRAC—C)+ (CHEEN +C )

+2(CHs) 10 roexs] + R In (9)
1150 3

=[0.4+2.1+3.8+2(2.1) ] —[2(0.7)+ 4.7

+2.4+2(0.5)]+ 1.4
ASi=+ 2.4

Achs etim) = e—;LCIeAS[f/R = 10140 gec~!

17 We have lowered the methyl rocks in the transition state by
about a factor of three. See S. W. Benson, Thermochemical Ki-
netics, John Wiley & Sons, New York (1968), p. 69.
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Appendix A—Thermodynamic Group Additivities!!

total correction is 3.00.

v+1.2 for but-2-ene, 0 for all other 2-enes, and — 0.6 for 3-enes.
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TABLE A-1. Hydrocarbons. Group values for AHS, 8° and Cs, (I atm std state).
Cy
Group AH 0 S%ox

300 400 500 600 800 1000 1500
C—H)s(C) —10.08 30.41 6.19 7.84 9.40 10.79 13.02 14.77 17.58
C—(H)(C). —4.95 9.42 5.50 6.95 8.25 9.35 11.07 12.34 14.25
C—(HXC)s -1.90 —12.07 4.54 6.00 7.17 8.05 9.31 10.05 11.17
C—(C) 0.50 —35.10 4.37 6.13 7.36 8.12 8.77 8.76 8.12
Cq—(H), 6.26 27.61 5.10 6.36 7.51 8.50 10.07 11.27 13.19
Ca—(HXC) 8.59 7.97 4.16 5.03 5.81 6.50 7.65 8.45 9.62
Ca—(C) 10.34 —12.70 4.10 4.61 4.99 5.26 5.80 6.08 6.36
Ca—(Cq)(H) 6.78 6.38 4.46. 5.79 6.75 7.42 8.35 8.99 9.98
Ca—~(Ca)C) 8.88 —14.6 (4.40) (5.37) (5.93) (6.18) (6.50) (6.62) (6.72)
Ca—(Cg)H) 6.78 6.38 4.46 5.79 6.75 7.42 8.35 8.99 9.98
Ca—(Cp)(O) 8.64 (—14.6) (4.40) (5.37) (5.93) (6.18) (6.50) (6.62) (6.72)
Ca—(CHH) 6.78 6.38 4.46 5.79 6.75 7.42 8.35 8.99 9.98
C—(Ca)(CYH), —4.76 9.80 5.12 6.86 8.32 9.49 11.22 12.48 14.36
C—(Ca)(H), —4.29 (10.2) 4.7) (6.8) (8.4) (9.6) (11.3) (12.6) (14.4)
C —(Ca)(Cp)(H). —4.29 (10.2) 4.7) (6.8) (8.4) (9.6) (11.3) (12.6) (14.4)
.C—(C)CYH), —4.73 10.30 4.95 6.56 7.93 9.08 10.86 12.19 14.20
C—(Cg)(C)(H) —4.86 9.34 5.84 7.61 8.98 10.01 11.49 12.54 13.76
C—(CaXC(H) —1.48 (—11.69) (4.16) (5.91) (7.34) (8.19) (9.46) (10.19) | (11.28)
C—(CC)(H) —1.72 (—11.19) (3.99) (5.61) (6.85) (7.78) (9.10) (9.90) (11.12)
C—(Cp)Cl(H) —0.98 (—12.15) (4.88) (6.66) (7.90) (8.75) (9.73) (10.25) (10.68)
C—(Ca)C)s 1.68 (—34.72) (3.99) (6.04) (7.43) (8.26) (8.92) (8.96) (8.23)
C—(Cp)(C) 2.81 (—35.18) (4.37) (6.79) (8.09) (8.78) (9.19) (8.96) (7.63)
C, ~(H) ) 26.93 24.7 5.27 5.99 6.49 6.87 7.47 7.96 8.85
C—(©) 27.55 6.35 3.13 3.48 3.81 4.09 4.60 4.92 6.35
C—(Cq) 29.20 (6.43) (2.57) (3.54) (3.50) (4.92) (5.34) (5.50) (5.80)
C,—(Cp) (29.20) 6.43 2.57 3.54 3.50 4.92 5.34 5.50 5.80
Cs~(H) 3.30 11.53 3.24 4.44 5.46 6.30 7.54 8.41 9.73
Cg—(C) 5.51 —17.69 2.67 3.14 3.68 4.15 4.96 5.44 5.98
Cg—1(Cyq) 5.68 -—17.80 3.59 3.97 4.38 4.72 5.28 5.61 5.75
Cg—(C) 5.68 —17.80 3.59 3.97 4.38 4.72 5.28 5.61 5.75
Cg—(Cp) 5.26 —8.64 3.33 4.22 4.89 5.27 5.76 5.95 (6.05)
Ca 34.20 6.0 3.9 4.4 4.7 5.0 5.3 5.5 5.7

't These group values have been taken from ref. 3— Section [-5.0.
TABLE A-1. Next-nearest neighbor corrections
G
Group AHZ | Sies

300 400 500 600 800 1000 1500
alkane gauche correction 0.80
alkene gauche correction 0.50
cis correction a1.00 ®) —-1.34 —1.09 —0.81 —0.61 —0.39 —0.26 0
ortho correction 0.57 —1.61 1.12 1.35 1.30 1.17 | 0.88 0.66 —0.05'

2 When one of the groups is t-Butyl, cis correction=4.00, when both are ¢-Butyl, cis correction=~10.00, and when there are two cis corrections around one double bond, the



TABLE A-1. Corrections to be applied to ring compound estimates

CO
p
Ring (o) AHZ o SSus
300 400 500 600 800 1000 1500
cyclopropane (6) 27.6 32.1 —-3.05 —2.53 —2.10 —-1.90 —1.77 —1.62 (—1.52)
«cyclopropene (2) 53.7 33.6
cyclobutane (8) 26.2 29.8 —4.61 —3.89 —3.14 —2.64 —1.88 —1.38 ~0.67
cyclobutene (2) 29.8 29.0 —2.53 —-2.19 —1.89 —1.63 —1.48 -1.33 —1.22
cyclopentane (10) 6.3 27.3 —6.5 -—5.5 —4.5 —-3.8 —2:8 —1.93 -0.37
‘cyclopentene (2) 5.9 25.8 —5.98 —5.35 —4.89 —4.14 —2.93 —2.26 —1.08
cyclopentadiene 6.0
cyclohexane (6) 0 18.8 —5.8 —4.10 -29 —-1.3 1.1 2.2 3.3
.cyclohexene (2) 1.4 21.5 —4.28 —3.04 —1.98 —1.43 —0.29 0.08 1 0.81
cyclohexadiene 1,3 4.8
cyclohexadiene 1,4 0.5
cycloheptane (1) 6.4 15.9
cycloheptene 5.4
cycloheptadiene 1,3 6.6
cycloheptatriene 1,3,5 (1) 4.7 23.7
cyclooctane (8) 9.9 16.5
cis-cycloGetene 6.0
‘trans-cyclooctene 15.3
cyclooctatriene 1,3,5 8.9
cyclooctatetraene 17.1
‘cyclononane 12.8
cis-cyclononene 9.9
trans-cyclononene 12.8
:spiropentane (4) 63.5 67.6
bicyclo(1,1,0)-butane (2) 68.4 69.2
bicyclo(2,1,0)-pentane 55.3
bicyclo(3,1,0)-hexane 32.7
bicyclo(4,1,0)-heptane 28.9
bicyclo(5,1,0)-octane 29.6
bicycloheptadiene 29.7

TABLE A-2. Oxygen containing compounds. Group Contributions to AH; S°, and C;

G
Group AH})(z»x) 0w
300 400 500 600 800 1000 1500
CO—(CO)Cy) (—30.5) (12.0) (5.5)
CO—(COXC) —29.2
CO—(COX0) (—32.6)
CO—(0)(Cy) —33.5
CO—(0)(Cy) —42.4
CO—(0)C) —33.4 14.78 5.97 6.70 7.4 8.02 8.87 9.36
CO—(O)H)» —29.5 34.93 7.03 7.87 8.82 9.68 11.16 12.20
CO—(Cqy)H) —31.7 (32.9) (6.0)
CO—(Ca): —39.1 (12.0)
CO—(Cp)(C) —37.6 (13.7) (6.1)
CO—(Cp)H)"® —31.7 (32.9) (6.5)
CO—(C) —31.5 15.01 5.59 6.32 7.09 7.76 8.89 9.61
CO—(C)(H) —29.6 34.93 7.03 7.87 8.82 9.68 11.16 12.20
CO—(H), -27.7 53.67 8.47 9.38 10.46 11.52 13.37 14.81
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TABLE A-2. Oxygen containing compounds. Group Contributions to AH3, S°, and C}, —Continued

G
Group AH 44 298
300 400 500 600 800 1000 1500
0—(CO) —50.9 (8.5) 3.4) |
O0—(CO)O) —19.0 (8.4) (3.5)
O0—(CO)Cy) ¢ —41.3
O0—(COXC) —41.3 8.39 (3.5)
O—(CO)H) —60.3 24.52 3.81 4.98 5.80 6.34 7.19 7.75
0—(0)C) —4.5 (9.0)
O0—(O)H) —16.27 28.52 5.17 5.79 6.28 6.66 7.15 7.51 8.17
O—(Ca) —32.8 8.1 4.2)
O—(Ca)C) —3L.3 (8.5) (3.5)
O—(Cg) —19.3 (8.1) (4.2)
O—(Cg)(C) —22.6 (8.3) (3.8)
O—(Cg)H)? —-379 29.1 4.3 4.5 4.8 5.2 6.0 6.6
O0—(C) —23.7 8.68 34 3.7 3.7 3.8 4.4 4.6
O—(C)H) —37.88 29.07 4.33 4.45 4.82 5.23 6.02 6.61
Cq—(COXO) 6.3
C+—~CO)CO) 9.4
C4+—CO)H)e 7.68
Cq—{O)Cy)! 8.9
C—(L)C)*
Ca—(OYH)" 10.3
8.6 8.0 4.16 5.03 5.81 6.50 7.65 8.45 9.62
Cg—(CO) 9.7 —9.6 3.9)
Cg—O) —1.8 -10.2 3.9 5.3 6.2 6.6 6.9 6.9
C—CO)(H), -7.2
C—COXC)(H)! —-1.8 | (—12.0) (5.0)
C—COXC)H). —5.0 9.6 6.2 7.7 8.7 9.5 11.1 12.2
C—CO)H),; ! —10.08 30.41 6.19 7.84 9.40 10.79 13.02 14.77 17.58
C~—0)%(C) —18.1
C—(0)(CXH) -17.2
C—O)(H). -17.7
C—O)Cp)H). —6.6 9.7
C—O)Cy(H). —6.9
C—O)C)s —6.60 { —33.56 4.33 6.19 7.25 7.70 8.20 8.24
C—O)C)(H) —7.00 [ —11.35 4.80 6.64 8.10 8.73 9.81 10.40
C—O)C)H). —8.5 10.3 4.99 6.85 8.30 9.43 11.11 12.33
C—O)H); * —10.08 30.41 6.19 7.84 9.40 10.79 13.02 14.77 17.58
Corrections to be Applied to Ring Compound Estimates

Strain ether oxygen gauche 0.3
Di-tertiary ethers 84

Y 26.9 314 | —-20 | -28| 30| _g96 | —23 | -—23

@ 25.7 27.7 —4.6 —5.0 —4.2 —3.5 —2.6 + 0.2

Q 6.0

@ 1.5

@J 4.2

d

@ 1.3
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TABLE A-2. Oxygen containing compounds. Group Contributions to AH3, S°, and C; —Continued

c

Group AH )00 S3os
300 400 500 600 800 1000 1500

[Eﬂ —6.2

@ 2.5

D'=O 6.0
(=0 3.4

% 1.1
&O 1.4
2

a CO—(O)H) = CO—(C)(H), assigned.

b CO—(Cp)(H) = CO—Cy(H), assigned.
¢ 0—(CO)(Cy)= 0—CO)(C), assigned.
9 0—Cg)(H) =0—C)H), assigned.

¢ C4—(COYH) = mean of C4—(Cy)(H) and C4—(Cj(H), assigned.
T Cq—O)Cq) = Ca—Cy)(C).

¢ Cq—O)C)y= Cq—C,.

b Cq—(O)YH)= C4—C)(H), assigned.

1 C—(CO)(C)o(H), estimated.

i C—CO)H); = C—C)(H)s, assigned.

k C—(0)(H); = C—(C)(H)s, assigned.
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TABLE A-3. Group contributions to C}, S°, and AH?™ ¢(] atm std state) for nitrogen-containing compounds.
C; (e. u.)
Group AH® S°
(kcal/mole) | (e. u.)
300 400 500 600 800 1000 1500
C—(N)H)s —10.08 30.41 6.19 7.84 9.40 10.79 13.02 14.77 17.58
C—(NXC)H), —6.6 19.8 45.25 16.90 48.28 49.39 411.09 912.34
C—-MN)(C)(H) ~52 |9-11.7 14,67 46.32 47.64 48.39 49,56 | 410,23
C—(NXC), —3.2 |9-34.1 44.35 46.16 47.31 47.91 48.49 48.50
N—(C)(H), 4.8 29.71 5.72 6.51 7.32 8.07 9.41 10.47 12.28
N—(C)(H) 15.4 8.94 4.20 5.21 6.13 6.83 7.90 8.65 9.55
N—(C) 24.4 —13.46 3.48 4.56 5.43 5.97 6.56 6.67 6.50
N—(N)H). 11.4 29.13 6.10 7.38 8.43 9.27 10.54 11.52 13.19
N—(NYCyH) 20.9 9.61 4.82 5.8 6.5 7.0 7.8 8.3 9.0
N—(NX}C), 29.2 —13.80
N—(N)(Cg)H) 22.1
N,—(H)2
N;—(C) 21.3
Ni—(Cp) ¢ 16.7
Na—(H)2 25.1 26.8 4.38 4.89 5.44 5.4 6.77 7.42 8.44
NA—(C) 32.0 8.0 4.0 4.4 4.7 4.8 5.1 5.3 5.2
N-—(Cp)(H). 4.8 29.71 5.72 6.51 7.32 8.07 9.41 10.47 12.28
N—(C)C)H) 14.9
N—(Cg)(C), 26.2
N—(Cg)s(H) 16.3
Cg—(N) —0.5 —9.69 3.95 5.21 5.94 6.32 6.53 6.56
Na—(N) 23.0
CO—-(NYH) —29.6 34.93 7.03 7.87 8.82 9.68 11.16 12.20
CO—(N)(C) —32.8 16.2 5.37 6.17 7.07 7.66 9.62 11.19
N—(CO)H). —14.9 24.69 4.07 5.74 7.13 8.29 9.96 11.22
N—(COXC)YH) —4.4 3.9
N—(CO)C)
N—(CO)Cg)YH) +0.4
N—(COx,H) —18.5
N—(CO)(C) -5.9
N—(CO)(Cg) -0.5

# N;=double bonded nitrogen in Imines; N—(Cpg)= pyridine N.

N, = double bonded nitrogen in Azo compounds.
® No cis corrections applied to Imines or Azo compounds.

¢ Gauche corrections of + 0.8 kcal/mole to AHY applied just as for hydrocarbons.
4 Estimates by authors,

¢ For ortho or para substitution in pyridine add —1.5 kcal/mole per group.




TABLE A-3.

Group contributions to C3, S°, and AHZ Y ¢ (1 atm std state) for nitrogen-containing compounds. — Continued

C; (e. u)
Group AH° S° )
(kcal/mole) | (e. u.)
300 400 500 600 800 1000 1500
Corrections to be applied to Ring Compound Estimates
‘ethyleneimine 27.7 431.6
NH
azetidine 426.2 4293
i
pyrrolidine 6.8 26.7 —6.17 —5.58 —4.80 —4.00 -2.87 —2.17
W
piperidine 1.0
@
3.4
s
»
O
<:~H 8.5
[¢]
C—(CNXC)(H). +22.5 40.20 11.10 13.40 15.50 17.20 19.7 21.30
C—CN)C)z(H) +25.8 19.80 11.00 12.70 14.10 15.40 17.30 18.60
C—(CN)C) —2.80
C—(CNX}(C). 28.40
C—(CN)(H) 374 36.58 9.80 11.70 13.30 14.50 16.30 17.30
C4—(CN), 84.1
C4—(NO2)H) 4.4 12.3 15.1 17.4 19.2 21.6 23.2 25.3
Cg—(CN) 35.8 20.50 9.8 11.2 12.3 13.1 14.2 14.9
Cr—(CN) 63.8 35.40 10.30 11.30 12.10 12.70 13.60 14.30 15.30
C—(NO2)CYH). —15.1 448 .4
C—(NO)(C)(H) —15.8 426.9
C—(NOy)(C); 139
C—(NO2)(C)H) —14.9 :
O0—(NO)C) —5.9 41.9 9.10 10.30 11.2 12.0 13.3 13.9 14.5
0—(NO,)C) —19.4 48.50

a N, = double bonded nitrogen in Imines: N,—(Cg)= pyridine N.

N, double bonded nitrogen in Azo compounds.
b No c¢is corrections applied to Imines or Azo compounds.

¢ Gauche corrections of + 0.8 kcal/mole to AH; applied just as for hydrocarbens.
4 Estimates by authors.
e For ortho or para substitution in pyridine add — 1.5 kecal/mole per group.



TABLE A-4. Halo-alkanes group contribution to AHj 48, S%es and Cj;, ideal gas at 1 atm std. state

c
Group AHJ(298) S8

300 400 500 600 800 1000
C—(F)(C) —158.4 42.5 12.7 15.0 16.4 17.9 19.3 20.0
C—(F)(H)C) (—109.3) 39.1 9.9 12.0 15.1
C—(F)H):(C) —~51.8 35.4 8.1 10.0 12.0 13.0 15.2 16.6
C—(F)(C)e —~97.0 17.8 9.9 11.8 13.5
C—F)HXC). —48.4
C—(F)(C)s —43.9
C—(F)(C])(C) —106.3 40.5 13.7 16.1 17.5
C—(Cl)(C) —20.7 50.4 16.3 18.0 19.1 19.8 20.6 21.0
C—(CD),(H)(C) (—18.9) 43.7 12.1 14.0 15.4 16.5 17.9 18.7
C—Ch(H)(C) —-15.6 37.8 8.9 10.7 12.3 13.4 15.3 16.7
C—(CD)y(C), (—19.5)
C—(CH(H)(C), —-12.8 17.6 9.0 9.9 10.5 11.2
C—CH(C) ~12.8 —5.4 9.3 10.5 11.0 11.3
C—(Br)3(C) 55.7 16.7 18.0 18.8 19.4 19.9 20.3
C—Br)(H):(C) —5.4 40.8 9.1 11.0 12.6 13.7 15.5 16.8
C—Br)(H)(C). —3.4
C—(I)H)(C) 7.95 42.5 9.2 11.0 12.9 13.9 15.8 17.2
C—I)(H)C)- 10.7 22.2 (8.7)
C—(I)C)s 13.0 0.0)| (9.7)
C—(CI)(Br)H)C) 45.7 12.4 14.0 15.6 16.3 17.9 19.0
N—F)x(C? —17.8
N—F)Cy) (7).
N—F,)C) (—99)




TABLE A—4. Halo-alkenes, alkynes and arenes group contributions to AHZ o0, S3q and Cj ideal gas at 1 atm
std. state
Cy
Group AHZ 05y | S
300 400 500 600 800 1000
Cq—(F): —-71.5 37.3 9.7 11.0 12.0 12.7 13.8 14.5
Cq—(Cl), —1.8 42.1 11.4 12.5 13.3 13.9 14.6 15.0
Cq—Br), 47.6 12.3 13.2 13.9 14.3 14.9 15.2
C—(F)(C)) 39.8 10.3 11.7 12.6 13.3 14.2 14.7
Cq—(F)Br) 42.5 10.8 12.0 12.8 13.5 14.3 14.7
Cq4q—(CI)Br) 45.1 12.1 12.7 13.5 14.1 14.7
Cq—(F)H) —37.6 32.8 6.8 8.4 9.5 10.5 11.8 12.7
Cq—(ClyH) 2.1 35.4 7.9 9.2 10.3 11.2 12.3 13.1
Cq4q—(Br)(H) 12.7 38.3 8.1 9.5 10.6 11.4 12.4 13.2
Cq—DH) 40.5 8.8 10.0 10.9 11.6 12.6 13.3
C—(Ch 33.4 7.9 8.4 8.7 9.0 9.4 9.6
C—(Br) 36.1 8.3 8.7 9.0 9.2 9.5 9.7
C—(D) 379 8.4 8.8 9.1 9.3 9.6 9.8
Arenes
Cg—(F) —42.8 16.1 6.3 7.6 8.5 9.1 9.8 10.2
Cg—(CD —3.8 18.9 7.4 8.4 9.2 9.7 10.2 10.4
Cg—(Br) 10.7 21.6 7.8 8.7 9.4 9.9 10.3 10.5
Cg—() 24.0 23.7 8.0 8.9 9.6 9.9 10.3 10.5
C—(Cg){F)s —162.7 42.8 12.5 15.3 17.2 18.5 20.1 21.0
C—Cp)Br)(H), —6.9
C—Cp)I)(H), 8.4
Corrections for Next Nearest Neighbors
ORTHO (F)F) 5.0 0 0 0 0 0 0 0
ORTHO (CI)C]) 2.2
ORTHO (Alk)Halogen) 0.6
Cis (Halogen)(Halogen) 0
Cis (Halogen)(Alk) 0)
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TABLE A-5. Group contributions for estimation of thermochemical properties of free radicals (I atm std state).

c
Radical AHR Y Steosy
300 400 500 600 800 | 1000 | 1500
[-C—(C)(H)] 35.82 3120 | 599 | 7.24| 829| 9.13| 1044 | 11.47| 13.14
[-C—(CrH)] 37.45 10.74 | 5.16 | 6.11 | 6.82( 7.37| 826 | 884 9.71
[-C—(Ck] 37.00| —10.77| 4.06| 492| 542 575 627] 6.35 6.53
[C—(C-)(H)] —10.08 3041 6.19| 7.84( 940| 10.79| 13.02 | 14.77| 17.58
[C—(C-XCXH)] —4.95 942 | 550 | 6.95| 825| 935| 11.07 | 12.34| 14.25
[C—=(C)CrM)] —-190| —12.07| 454| 600 7.17( 8.05| 931 | 10.05| 11.17
[C—=(C-)C)] 150 —3510| 437| 6.13| 736| 812| 877| 876 8.12
[C—(0-)C)(H)] 6.1 36.4 7.9 98 | 108 | 12.8 | 15.0 | 16.4
[C—(0-)(C).(1)] 7.8 14.7 1.7 95 | 10.6 | 12.1 13.7 | 14.5
[C—(0-)C)] 8.6 —-17.5 7.2 9.1 9.8 |11.1 121 | 12.3
[C—(S-)(C)H)) 32.4 39.0 9.0 | 106 | 124 | 13.6 | 158 | 17.4
[C—(S')CrH)] 35.5 17.8 85 | 100 | 11.6 | 123 | 13.8 | 14.6
[C—(S)Ck] 37.5 —5.3 8.2 9.8 | 11.3 | 11.8 | 12.2 | 123
[-C—(H)XCa)] 23.2 2765| 5.39| 714 849| 943 | 11.04 | 12.17| 14.04
[-C—H)CXCa)] 25.5 702 458 612 719| 800 9.11 9.78| 10.72
[-C—(Cx(Ca)] 248 | —1500| 400| 473 564| 6.09| 68| 7.04 7.54
[Ca—(C)H)] 8.59 797 416! 503| 58| 650 7.65| 8.45 9.62
[Ca—(C-)O)] 10.34| —1230| 410| 47| 509 536| 590 6.18 6.40
[-C—(Cg)H)] 23.0 2685 649! 784 010]| 998 11.34| 1242] 14.14
[-C—(Cg)C)H)] 24.7 636| 530| 687| 7.8 | 852! 938| 98| 10.12
[-C—(CgXCx] 245 | —1546| 4.72| 548 620| 6.65| 7.09| 7.10 6.94
[Cs—C-] 5.51 —769| 267| 314| 368| 415| 49| 5.44 5.98
[C=(-CO)H)] —5.4 66.6 | 12.74 | 14.63 | 16.47 | 18.17 | 21.14 | 23.27
[C—(-CO)C)H).] -0.3 458 | 12.7 | 145 | 158 | 16.8 | 19.2 | 207
[C—=(-CO)Ch(H)] 2.6 (23.7) | (11.5) | (12.8) | (14.3) | (15.5) | (17.4) | (18.5)
[-N—H)C)] ¢ (51.8) 3023| 538| 567| 58| 6.09| 6.60| 6.97 7.74
[‘N=(Ck] ¢ (57.6) 1024| 372 413| 438 | 453 4.86| 4.9 4.91
[C—(-N)C)H)] —6.6 9.8 525 690! 828 9.39| 11.09| 12.34
[C—(N)CrMH)] —-52 | —117 467| 632 764 839| 956| 1023
[C=¢N)C)] ©(—3.2) 341 | 435| 616 731 | 791| 849| 850
[-C—H)(CN)] 4 (54.2) 58.5 | 10.66 | 12.82 | 14.48 | 15.89 | 18.08 | 19.80
[-C—H)C)CN)) 4 (52.8) 40.0 9,1 114 | 131 | 144 | 163 | 174
[-C—=(CR(CN)] d(52.1) 19.6 88 | 104 | 11.3 | 123 | 13.7 | 145
[-N—=(HXCg)] 27.3 4.6 5.4 6.0 6.4 7.2 7.7 8.6
[-N—(C)C5p)] (65)| 39| (42)| 4.7) | (5.0) | (5.6) | (5.8) (5.9)
[Cg~N-] —0.5 —969] 395 521! 59| 632! 653]| 6.56
[C—(CO.+) (H)] —49.7 74 | 144 | 178 | 204 | 231 | 271 | 296

See footnotes at end of table.
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TABLE A—5. Group contributions for estimates of thermochemical properties of free radicals @ (I atm std state).— Con.

cs
Radical AH} 3 Stassy
300 400 500 600 800 1000 | 1500
[C—CO: ) H1AC)] —43.9 49.8 15.5 18.5 20.3 22.3 27.5 27.2
[C—(CO.-H)C),] —41.0
[C—(N,)(H)] —10.08 30.41 6.19 7.84 9.40 | 10.79 | 13.02 | 14.77 17.58
[C—N)(C)H)] —5.8 9.42 5.50 6.95 8.25 9.35 | 11.07 | 12.34 14.25
[C—(NAXCx(H)] —-2.3 —12.07 4.54 6.00 7.17 8.05 9.31 | 10.05 11.17
[C—(NAHC)] +0.5 —35.10 4.37 6.13 7.36 8.12 8.77 8.76 8.12
[N,—C] 32.0 8.0 4.0 4.4 4.7 4.8 5.1 5.3 5.2
[Na—N, N 72.4 36.1 7.8 8.2 8.4 8.6 8.9 9.0 9.0

Internal Rotation Barrier Corrections (However see also V—6.0 and Appendix C)

S° 300 400 500 600 800 1000 1500
1. Vo(RH)—>2/3 V,o(R")
(CH«R)o= 3 +0.5 0 -01 |{—-02 |—03 |—-03 | —03 —-0.2
(&-R) ,=3 +0.5 0.1 0.1 0 —-02 |—03 | —0.4 —-04
2. Vo(CH;&RH)—V(CHsER)
Vo=3.5, Vi=0 1.5 1 —-11 I—-11t |—-1.1 |—1.0 {—0.8 | —0.6 —0.4

3. Mass corrections in conjugated systems
(@) If the masses on each side of a resonance stabilized bond in a radical have the same number of C atoms (i.e., are

CHs
/

H
(ii) If the masses (as above) differ by one C atom, subtract 0.3 g/mole from $°, e.g. (CH; = C—CH,) m= CH,, my=H.

roughly equal), subtract 0.7 g/mole from the entropy, e.g. (CHZ =C—C ) m; = CHz, my= (CH; + H).

a Units are AH} (kcal/mole), S° (g/mole), C%, (g/mole). Entropies include electron degeneracy and conjugation effects.
Corrections for changes in rotational barriers of groups bonded to the radical center relative to the saturated hydro-
carbons are required.

b Heats of formation group values, with the exception of the alkoxy radicals, are those derived by assuming equiv-
alent bond dissociation energies for all (X—H) bonds of the same type (i.e., primary, secondary, or tertiary (X—H)
bonds).

¢ These heats of formation are based on the amine decomposition kinetics and are probably too low by up to 4
kcal/mole (see V=7.0 and 8.0). .

dThese heats of formation have been calculated assuming resonance stabilizations of 10.8 kcal/mole in (-CH,CN),

and 12.6 kcal/mole in (CH;CHCN and (CH;3),CCN).
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To illustrate the use of the group table for radicals, the following examples are given:

I. Estimate AH}, S°, and C} of the neopentyl radical (CHs)sC—CH:') o =6, assume (-CHZ-GtBu)

has V=0 or V=2.

Contributions
Groups 2

AH? Se(V=0)| §°(V=2)| C;(V=0)| C5(V=2)
BIC—(H)3(C) ] errrriraeeeiiiierieeiee e enn, 3(—10.08) 3(30.41 91.23 3(6.19) 18.57
IR O 5 3 T (0) ] P S 35.82 31.20 31.20 5.99 5.99
O (08 T 04 PP 050 —35.10| —35.10 4.37 4.37
(symmetry)—— 0 =06(27)....ccoveiiiiiiirineieaecniiiniiinean —10.10| —10.10{............biieininnnnn,

A(Vg) correction®....cciiiiiiiiiniiiiii i e, 1.60 +1.00 ~1.1 —0.6
Totals.ccvenininiiiieciiir e 5.63 [78.83] 78.23 [27.83] 28.33

2 Units are kcal/mole (AHY); kecal/mole-deg (S° and C3).
Brackets denote preferred values.
®See Appendix C and V—6.0.

II. Estimate AHj, S°, C} of the t-butoxy radical
(CH;) CO.

Contributions
Groups
AHR? S |Cp (300)
3[C—(C)H)]........... —30.24 91.2 18.57
[C—(OX}Cx]........... 8.6 ~17.5 7.20
symmetry (=3 ...[c.cceiiiiis —-8.7 (...l
Totals............ —22.64 75.0 25.77
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III. Estimate AH?, 8°, and C; of the secondary

butyl radical.

(CH;CHCH,CH3) =9, 0'int =1, V=2/3 Vo(RH).

Contributions
Groups
AH? Se G5 (300)
(2/3 V)
[C—MHR(C)]........... —-10.08 | 30.41 6.19
[C—Hx(C)]............ —10.08 | 30.41 6.19
[C—HR(CXC)]...... —4.95 9.42 5.50
[-C—H)C)].........., 37.45| 10.74 5.16
SYymmetry......ooeeeeviidiniiiiinnnnn, —4.40 | .........
AV()(CH;;GR) .......................... + 050 00
AV R).oo +0.50 0.1
Totals............ 2.34 | 77.58 23.14




Appendix B —-Frequencies Used in Transition
State Calculations

TABLE B-1. Bond stretching frequencies

TABLE B-2. Bond angle bending frequencies

Stretches o (cm™1) Stretches w (cm™1) Bends2® w (cm™1) Bends w (cm-1)
frequencies frequencies frequencies frequencies
. C
=0 1700 || c-—0 1400 N BN
C—O ethers 1100 |{(C-O) ethers 710 H C\H 1450 || H C H 25
C—O acids, 1200 [ (C-O) acids, 770 (H/ Chr.w or 1150 ||(H \C) 575
esters esters (CHy)
C=C 1650 || C—C 1300 ot 0
C—H 3000 || C-H 2200 ) S
C—F 1100 || C-F 820 g Ny 150 || o) 800
C—Cl 650 || C-Cl 490
Cxy SN
C—l 500/ C1 35 (¢ o a0 ([c” o) 210
C—Br 560 {| C-Br 420 ’ C\ /C
c o 420 ||c” Do 400
C
PANE
(C=C=C) 850 || oy 635
1 : C C
N Table B-2: :
otes to fable. . o , H™ C), or 700 || 0) 700
a Note that the normal single bona bending frequencies
. . ; . (CHs) rocks
are consistent with the relation, w;/w; = (u2/p1)V2. Devia- C Cao
tions from this relation seldom exceed 50 cm—1. (H/ \C)r 700 ||(H : \C) 350
C C
VLM /R\ c ay 100 ||c” @ 200
u=(ﬁ) for the bond (A” < “B) € C.
atMp € By 360 [ "B 180
' C
b Methyl and methylene wags and twists, whose fre- (C/C\I) 390 (C/ 1) 160
quencies range from 1000-1300 cm~! have been equated C C
c < o 350 |l € 175
0. 0
with (H/ \C):, » bends and assigned a mean frequency (C/ \C) 400 (C/ 0 200
of 1150 cm~!. Methylene rocks have lower frequencies ° C C
(i.e., ~ 700 cm™!) which correspond closely to the out of (C/ \O) 400 (C/ : 0) 200
C .
AN ) 400 (o/C 0) 200
plane (H C) bends in olefins. :
TABLE B-3. Bond Torsion Frequencies
Torsions w (cm") Torsions w (cm-' )
Frequencies Frequencies
== elhylene (E}, ), 1000 (Etgg)y — 500
S~ propylene (P, ), 800 Py 400
/\__ isobutene (i), 700 (iBg )y }— 350
== cis-2- butene (CBg,)y 400 tcegd, N\ 200
=" troms-2-butene (18, 300 w830 | 150
D=7 2-methylbut-2-ene(2MB,, ), 250 (M8, ) > | 125
D= tetromethylethylene (TME 5, ), 210 (TMEg ) X | 105
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TABLE B-4. Approximate entropies and heat capacities of bond vibrations.

Stretches Frequency S° c; C; Gy cs
(cm™) (300) (300) (500) (800) (1000)
C—H 3000 0.0 0.6 0.0 0.3 0.5
c—O 1100 0.1 0.3 0.8 1.4 1.6
C—F 1100 0.1 0.3 0.8 0.3 0.5
C—Cl 650 0.4 0.9 1.5 1.8 1.9
C—Br 560 0.6 1.1 1.6 1.9 1.9
O—H 3100 0.0 0.0 0.0 0.2 0.5
Torsions Frequency S° C; C; c; C; (054 C; c;
cm-)  |(300) | (300) | 400) | (500) | (600) | (800) | (1000) | (1500)
(Pae) 800 0.2 0.7 1.0 1.3 1.5 1.7 1.8 1.9
(iBse): 700 0.3 0.8 1.1 1.4 1.6 1.8 1.8 1.9
(P3e) 400 1.0 1.5 1.7 1.8 1.8 1.9 1.9 2.0
(CBye) 400 1.0 1.5 1.7 1.8 1.8 1.9 1.9 2.0
(IBse) 350 1.2 1.6 1.7 1.8 1.9 1.9 1.9 2.0
(tBae)t 300 1.4 1.7 1.8 1.9 1.9 1.9 2.0 2.0
2MB,.); 250 1.8 1.8 1.9 1.9 2.0 2.0 2.0 2.0
(CBse) 200 2.2 1.8 1.9 1.9 2.0 2.0 2.0 2.0
{tBse): 150 2.7 1.9 2.0 2.0 2.0 2.0 2.0 2.0
(2MB;.), 125 3.1 1.9 2.0 2.0 2.0 2.0 2.0 2.0
Bends
C
/7 N\
H H);
N
VRN
H c N) 1450 0.03 0.10 0.30 0.54 0.78 1.17 1.40 1.70
7\
(H C)
0
7\
H Q) 1150 0.05 0.24 0.54 0.86 1.10 1.40 1.60 1.80
(C=C=() 850 0.17 0.57 1.0 1.2 1.4 1.6 1.8 1.9
(C/C\O);
C
(C/ \F); 420 0.9 1.4 1.6 1.7 1.8 1.9 2.0 2.0
C
<« o
N
(C/ Cl 400 1.0 1.5 1.7 1.7 1.8 1.9 2.0 2.0
C
(C/ \Br) 360 1.2 1.6 1.7 1.8 1.9 1.9 2.0 2.0
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Appendix C—Internal Rotations
TABLE C—-1. Entropies * ¢ of free internal rotors as a function of temperature

T(¢K)
Free rotors Hybrid- Qrzoo o) 2
1zation
300 500 600 700 800
(@)} methyl..............ooviiil Spe.e..... 11.6/3=3.7...] 5.9 6.4 6.55 6.7 6.85
()" methylene...............cc.en.il Spt......... 8.4/2=4.2...... 5.2 5.75 5.9 6.1 6.25
@) Ethyl.......oooovvii 5] G 37.0..cciini] 8.2 8.7 8.9 9.0 9.15
(@) i-propyl....ccoeiiiii SpPeceaild 52.5 i 8.9 9.4 9.6 9.7 9.75
(@) t-butyl.....ccoiiviiiiniiiiein, Spleeeenn.d 64.5. ...l 9.3 9.8 9.95| 10.1 10.25
@I CED. e ) R 3500 iiiinil) 8.05 8.55 8.75 8.85 9.0
@)Y CiPD) e Spr......... 49.7. 0. eiiiil 8.75 9.25 9.45 9.55 9.6

2 The partition functions of free rotation were calculated from the relation,
SII3IET \ /2.
QF(T) '

® With equal masses, change entropy by — 0.7 g/mole. For an opposing rotor heavier by 1 carbon group, change the
free rotor entropy by — 0.3 g/mole.
¢ Entropies were estimated from tables prepared by Pitzer, et al., [10], pp. 441-446.

TABLE C-2. Some characteristic torsion barriers, V (kcal/mole) to rotation about single bonds for methyl groups

Bond V Bond V

CH;—CH;, 2.9 CH;—OH 1.1
CH;—C,H; 2.8 CH;—OCH; 2.7
CHz;—isopropyl 3.6 CH;—NH:; 1.9
CH;-t-butyl 4.7 CHa—NI’éCH;; 3.3

cis a (.75 || CH;—N(CHj;), 4.4
CH—CH=CHCH, |, 1.95 || CH;—SiH, 1.7
CH;;-vmyl 20 CHs_Sle(CHg) 17
CH;—CH,F 3.3 CH,—PH, 2.0
CH,—CF; 3.5 CH;—SH 1.3
CFs—CF; 4.4 CH;—SCH; 2.1
CH;—CH,Cl 3.7 CH;—CHO 1.2
CH.Cl—CF; 5.8 CH;—COCH; 0.8
CCl,—CCl; 10.8 CH;s;—allene 1.6
CH;—CH,Br 3.6 CHs;—(isobutene) 2.2
CH;—CH,I 3.2 CH;—CO(OH) 0.5
CHs—phenyl 0 CHsy—(epoxide ring) 2.6
CH;—CCCH; 0 (CH3pN—COCH; 20.0
CH;—NO, 0 CH;—OCHO 1.2
CH;0—NO 9.0 CH;—ONO; 2.3
CH;0—NO, 9.0 CH;—O vinyl 3.4
CH;0—CO(CHy) 13

For a more complete compilation, see J. Dale, Tetrahedron 22, 3373 (1966).
2 Note: There seems to be a quite general “cis effect” such that F, CI, CH;, and CN, cis to a CH; lowers the CH;

barrier by ~ 1.4 kcal.



TABLE C-3. Some characteristic barriers, V (kcallmole)
to rotation about single bonds for groups larger than

methyl 2
Group V
et ey, (7)) 4.2,5.3
tBu— nPr ) 10.9
7%/ 6.5
juvy 70 TAB'LE C-5. Molar heat: capaczty,. C; (g/m?le) of a
: hindered rotor as a function of barrier (V), temperature,
and partition function, (Qy)
e 89 p fi Qr
A% 4.2, 4.4 1/Qp)
VIRT
¢ 9.3,11.0
0.0 0.2 0.4 0.6 0.8
Van® 10.8
% 7.8 00 [ 10 1.0 1.0 1.0 | 1.0
0.5 1.1 1.1 1.1 1.0 1.0
1.0 1.2 1.2 1.2 1.1 1.1
aU. A. Zirnet and M. M. Sushinskii, Optics and Spec- 1.5 1.5 1.4 1.3 1.2 1.1
troscopy 16, 489 (1964). 2.0 1.7 1.7 1.5 1.4 1.2
2.5 1.9 1.9 1.7 1.5 1.3
3.0 2.1 2.0 1.8 1.6 1.3
4.0 2.3 2.2 2.0 1.7 1.4
TABLE C—-4. Decrease in entropy of free rotors as func- 6.0 2.3 2.2 1.9 1.5 1.2
tions. ‘of barrief height (V), temperature (T, °K) and 8.0 2.2 2.1 1.7 1.3 0.9
partition function, Qq 100 | 21 | 20 | 15 1.0 | 0.7
15.0 2.1 1.8 1.2 0.7 0.4
1/0; 20.0 2.0 1.7 1.0 0.5 0.2
(VIRT)
Tables from Thermodynamics, G. N. Lewis and M.
0.0 0.2 0.4 Randall, revised by K. S. Pitzer and L. Brewer, McGraw-’
Hill Publishing Co., New York, N.Y. (1961).
_3.6 (I,T|vz . . <o
0.0 0.0 0.0 0.0 Qf——a—_- {100} with I in AMU—ang? and T in °K.
1.0 0.1 0.1 0.1 o= symmetry of barrier (e.g., 3 for —CHs, 2 for —CHz,
2.0 0.4 0.4 0.4 etc.)
3.0 0.8 0.8 0.7
4.0 1.1 1.1 1.0
5.0 1.4 1.4 1.2
6.0 1.7 1.6 1.4
8.0 2.0 2.0 1.7
10.0 2.3 2.2 1.9
15.0 2.7 2.6 2.2
20.0 3.1 2.9 2.4

Note: Values listed are AS=57—S8; in g/mole. Taken
from same source as table C-5.

54



Appendix D. Thermodynamic Properties of Free Radicals

TABLE D-1. Preferred Values of Free Radical Heats of Formation and Their Source

Uncertainty limits on AHf of radicals are very hard to give. Even these AH} values believed to be the best known
are probably uncertain to =1 kcal/mole. The uncertainties given below, therefore, are best guesses.

Ketones
ROCO)
(21.0+2)

AH3(CF;')
(—112.5+2)

AH}@DCH,-)
45.0x1)

AH}®CH,CO)
(20.6 +2)

AH2(CH;)
(34.0=1)

AH3(CH;CO)
(—5.4%1)

Esters
I2(CH;CO,+)
(—49.7%2)

AH;@CO,")
(—21.7x2)

Peroxides
[7(CH;O-)
3.9x1)

AHY(GH;0-)
(4.9+1)

AH}’(n‘—CsH70')

(—=9.7x1)

AH3(tBuO-)
(—21.5+1)

AH3(C;H;COs-)
(—55.0=2)

AH;(C3H1C02')
(—60.0+2)

2(-COOH)
(—53.3%3)

From the observed activation energies for the decompositions of acetophenone, benzo-
phenone, benzoyl bromide, and benzil decompositions one obtains 21.0, 21.0, 18.3 and 22.4
kcal/mole respectively.

Bromination studies of Whittle (see C;Fs decomposition).
Iodination studies by Benson, et al. (see toluene decomposition).

Estimated by additivity relations from AHp(acetyl), see R. Walsh and S. W. Benson, J.
Phys. Chem. 70, 3751 (1966).

Todination studies on methane, see D. M. Golden, R. Walsh and S. W. Benson, J. Am.
Chem. Soc. 87, 4053 (1965).

See AHADCH,CO).

From the decomposition kinetics of benzylacetate and diacetyl peroxide.

From the decomposition kinetics of benzylbenzoate and supported by additivity calculations

based on (CH;COs-) heat of formation.
From the decomposition kinetics of dimethyl peroxide.

Additivity calculation from dimethyl peroxide value. Kinetics of the (C;H;O). decomposition
give AHP(C:H504) =—4.9 kcal/mole.

Kinetics of decomposition of (CoH;O), additivity relations based on(CH;0.)give AH}(C3H;0-)
=-—10.0 kcal/mole.

From the decomposition kinetics of (¢tBuO) which depend critically on the corrected heat
of formation of the parent peroxide. The most recent value of AH7(:BuO),=-—80.5 kcal/
mole, G. Baker, J. H. Littlefield, R. Shaw, and J. C. J. Thynne, J. Chem. Soc. 6970 (1965)
has been used here. Additivity calculations based on (CH;0-) give AHZ(:BuO-) =—21.3
kcal/mole.

Good agreement between the value from additivity based on AH}’ (CH3CO;-) and the
decomposition kinetics of (C:H5CO3),.

See comments for AHF(CH; CO2).

Determined from the decomposition kinetics of phenylacetic acid (ref. 2). This is con-
sidered the most reasonable result because the recombination rate constant calculated
is close to that observed for the recombination of propyl+ benzl radicals. Also,
D(H—COOH)=287.3 kcal/mole, which is close to the corresponding bond dissociation
energy in acetaldehyde (D(CH; CO—H)).

55



TaBLE D-1.

AH}(@.CH:)
(59.3+6)

AH3(iPrO-)
(—12.4%1)

AHYCH,—CHCH,")
(39.6+1.5)

AH2(- CHy(CH,)C = CHy)
(29.6 £2)

AHY(C,Hy-)
(25.7+1)

- AH3(n-C;H;+)
(20.7%1)

AHR(iPr)
(17.6x1)

AH?(tBu)
(6.8+1)

AH; (D)
(80.0x1)

AH(@C(H)CHS)
(36.6+3)

AH@DC(CHs))
(26.3)

AH3(HS-)
(35.5+3)

AHF@S-)
(49.5)

AH(CH;S+)
(28.0+3)

AH(CH;S0,°)
(—60.5 * 3)

Preferred Values of Free Radical Heats of Formation and Their Source — Continued

Based on an assumed recombination rate constant of k. == 108! 1/mole-sec. The heat of
formation gives a total resonance energy which is lower by 4 kcal/mole than the sum of
two benzyl resonances (i.e., Res=22.8 kcal/mole compared to 2(13.5)=27 kcal/mole). If
the results of Back and Sehon on phenylacetic acid and diphenylacetic acid are accepted,
one obtains AH}(C@,CH-) = 65.3 kcal/mole and a resonance energy of 16.7 kcal/mole.
This heat of formation is not presently established.

Based on AH}(CH;0¢) and additivity relations. The kinetics of the isopropylnitrite de-
composition give AH7(—16.7 kcal/mole). The additivity estimate is believed to be the more
reliable.

Measured by iodination studies on propylene as AH7(allyl.)=40.6 kcal/mole. A. S. Rogers,
D. M. Golden and S. W. Benson, J. Am. Chem. Soc. 88, 3196 (1966) and from a study of the
iodine catalyzed isomerization of 1-butene as 38.0, E. K. Egger, D. M. Golden and S. W.

Benson, J. Am. Chem. Soc. 86, 5420 (1964). The kinetics of the allylmethyl sulphone de-
composition support the lower value.

Calculated with additivity relations from AH7(allyl).

Iodination studies. D. B. Hartley and S. W. Benson, J. Chem. Phys. 39, 132 (1963).
Additivity relations based on AH}CHs-).

Iodination studies. P. S. Nangia and S. W. Benson, J. Am. Chem. Soc. 86, 2773 (1964).
Iodination studies. H. Teranishi and S. W. Benson, J. Am. Chem. Soc. 85, 2887 (1963).

lodination studies. A. S. Rogers, D. M. Golden, and S. W. Benson, J. Am. Chem. Soc. 89,
4578 (1967). This gives DH° (@—H) = 112.3 1 kcal/mole.

Based on the assumption of D(C—H) secondary bond dissociation energy in @—CH,—CHs
=95—13.5 (benzl resonance)=81.5 kcal/mole. The AH}@CHCH,) from the kinetics is
31.6 kcal/mole.

Based on the assumption of D(C—H) tertiary bond dissociation energy in @CH—(CH;), is
91 —13.5=287.5 kcal/mole.

Based on recent mass spectrometric studies on sulfides. J. A. Kerr, Chem. Revs. 66, 465

(1966).

Based on the kinetics of the phenyl methyl sulfide decomposition.

Based on the decomposition kinetics of @CH;SCH; and on an assumed rate constant for
recombination, k. = 1058 1/mole-sec (a mean between the rate constants of recombination
for CHy+ @CH,- and C.H;: + @CH:-). Appearance potential work places AH}(CH;S)< 31.8
kcal/mole, T. F. Palmer and F. P. Lossing, J. Am. Chem. Soc. 84, 4661 (1962).

Based on the decomposition kinetics of dimethylsulfone, however see comments for this
reaction.
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TABLE D-1. Preferred Values of Free Radical Heats of Formation and Their Source — Continued

AH(-CH,—C =N)
(51.1+3)

AH{(CH;),C—C=N
(33.8%3)

AH? (BC(CH4)CN)
(54.4+3)

AH}(CFy:)
(—39.7+2)

AH}(CF;C=CF,)
(—177.6)

AH(-CCly)
(18.5%2)

AHF(CH;N,)
(66.0)

AHF(R—N=N-)
(R=n alkyl)

AH3(C:H;CH(CHy)N=N")

47.0)

AHF (tBuN=N-)
(43.5)

AH}(NH,")
(43.3+3)

AHY(CH,;NH)
(41.7)

AHZ[(CHa):N-]
(37.4)

AHF(¥NH)
(52.8)

AHRPNCH,)
(49.6) or (53.5)

Based on the decomposition kinetics of ethyl cyanide. Resonance energy equal = 12.5
kcal/mole. Analysis of the activation energy for the cis-trans isomerization of 8-cyanosty-
rene gives 10 kcal/mole for the resonance energy.

Based on the kinetics of the t-butylcyanide decomposition. Resonance energy obtained is
10.6 kcal/mole.

Based on the decomposition kinetics of cumyl cyanide. Resonance energy= 22.1 kcal/mole
which is close to the sum of the benzyl and cyano resonance energies (i.e., ~ 13.5+10.6
=24.1 kcal/mole, respectively).

Based on the equilibrium for the elimination reaction, HCF,Cl 2 HCl+ CF,:, and the
equilibrium for the tetrafluoroethylene decomposition, C,F; 2 2CF.:.

Based on the kinetics of the dissociation of perfluoroisobutene (not very reliable).
Based on the analysis of the bromination of chlororform, S. W. Benson, J. Chem. Phys. 43,
2044 (1965).

The decomposition kinetics of azomethane give AH7?=70.3 kcal/mole.

See section V-8.0. Values in brackets below come directly from the kinetics.

[46.4]

[41.4]
Best compromise from the kinetics of all amine and hydrazine decompositions (see sec-
tion V-8.1). [41.0]

[34.9]

[31.9]

[47.3]

[48.6]
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TABLE D-2. Calculated Thermodynamic Properties ¢4 of Free Radicals: entropies and heat capacities

Radical o | S [ 300 [ 400 | 500 | 600 | 800 | 1000 | 1500 | V¢
CH, 6| 4.4 | 83 | 91| 101 | 109 | 12.6 | 14.0 | 163
C.Hy 6[59.5 | 111 | 141 | 168 | 191 | 229 | 258 | 305 0]
58.9 | 11.6 | 14.6 | 17.1 | 19.3 | 23.0 | 259 | 305 2
58.3 | 11.4 | 14.6 | 17.3 | 19.6 | 23.3 | 26.1 | 30.6 4
5.9 | 107 | 14.0 | 169 | 19.4 | 234 | 263 | 30.9 8
CsHo- 6| 689 | 16.6 | 209 | 249 | 284 | 33.8 | 381 | 44.7 0
n-propyl [68.1 | 17.7 | 21.8 | 255 | 28.9 | 341 | 383 | 44.9 2]
67.3 | 17.7 | 22.0 | 261 | 29.4 | 34.6 | 387 | 45.1 4
66.6 | 173 | 21.8 | 259 | 295 | 35.0 | 39.3 | 45.7 8
i—C,yH;- 18| 688 | 153 | 19.6 | 23.6 | 271 | 329 | 374 | 43 | o0
isopropyl [67.0 | 17.5 | 214 | 24.8 | 28.2 | 335 | 37.8 | 44.7 2]
65.6 | 175 | 21.8 | 26.0 | 29.2 | 34.5 | 386 | 45.1 4
64.2 | 167 | 21.4 | 256 | 29.4 | 353 | 39.8 | 46.3 8
CH;CHCH,CH, 9
sec-butyl (776 | 23.1 | 28.4 | 333 | 37.8 | 449 | 503 | 58.9] |2/3Vs
(CHy)C- 6(27) |[74.6 | 193 | 25.1 | 29.9 | 351 | 42.9 | 489 | 58.4 0]
ViofisoCsHio=4.0 725 | 217 | 26.9 | 314 | 36.0 | 435 | 49.2 | 58.7 2
704 | 211 | 275 | 323 | 375 | 447 | 504 | 59.0 | 4
68.6 | 193 | 26.0 | 31.4 | 369 | 453 | 513 | 60.2 | 8
G- 2 | 69.1 | 18.96 | 25.56| 31.01 | 35.50 | 42.20 | 46.76| 53.74
@CH,- 2 | 75.4 | 25.36 | 33.18| 40.08 | 45.63 | 54.00 | 59.91| 68.77
@CHCH, 3 /(851 | 304 | 400 | 478 | 547 | 64.8 | 71.8 | 82.2]|2/3Vs!
?0- 2| 7137 | 225 | 298 | 358 | 406 | 475 | 52.3 |l
2S- 2 |75 | 236 | 306 | 365 | 41.2 | 47.9 | 525 |eeoiiiifirinn.
@C(CH,), 18 [[90.6 | 36.0 | 46.1 | 554 | 63.3 | 75.2 | 83.7 | 96.5] |2/3Vg
CH,S- 576 | 9.9 13.4 17.0 | 18.8
CH,CH,S- 6.2 | 152 | 184 | 21.8 | 244 | 28.8 | 32.2
(CH,),CHS- 742 | 209 | 257 | 304 | 339 | 39.8 | 4.1
(CH,):CS - 772 | 268 | 33.3 | 394 | 42 | 513 | 56.6
CH,0- 3] 543 | 91 12.6 168 | 18.9
CH,CH,O- 3| 646 | 141 | 176 | 202 | 236 | 280 | 31.2
(CH;),CHO- 9| 711 | 201 | 252 | 294 | 33.7 | 39.7 | 4.0
(CH;):CO- 81| 750 | 258 | 326 | 379 | 435 | 512 | 56.6
CH/~CHCH,- 2 (621 | 146 | 185 | 21.8 | 244 | 288 | 31.9 | 368 | 13.0
CH/—=C(CHy)CH, 6| 688 | 208 | 261 | 305 | 34.1 | 400 | 4.4 | 512 | (15.0
CH—CHCHCH, 3|78 |20 | 254 | 209 | 338 | 399 | 4.3 | 511 {150
3.0
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TaBLE D-2. Calculated Thermodynamic Properties® b ¢ d of Free Radicals:
capacities —Continued

entropies and heat

Radical o s° 300 | 400 500 | 600 | 800 | 1000 | 1500 | V,
CH;CO,- 6 | 66.6 | 127 | 146 | 165 | 182 | 21.1 | 23.3
CH;CH,CO,- 6|72 | 189 | 223 | 252 | 27.7 | 32.2 | 355
NH, 2 | 48.4 8.1 9.1 103 | 11.6
-CH;C=N 2|55 [107 | 128 | 145 | 159 | 181 | 19.8
CH;CHC=N 31[688 | 153 | 191 | 222 | 249 | 290 | 31.9 12/3Ve
(CH;),C—C=N 18 | [75.8 | 21.2 | 258 | 29.1 | 33.2 | 39.0 | 435 12/3Ve
CH;NH 31[59.0 | 11.3 | 133 | 151 | 16.8 | 19.5 | 21.7 | 25.3]| 2/3Ve
(CHs),N 18 |[66.2 | 157 | 19.2 | 227 | 25.7 | 30.5 | 34.3 | 39.9] 2/3ve
@NH 1| 753 | 248 | 328 | 392 | 442 | 514 | 563 13
@NCH, 31833 | 302 | 393 | 47.0 | 533 | 626 | 69.0 i12/3Vg 13
-COOH 1| 607 | 102 | 11.8 | 129 | 137 | 154 | 163 13
(CH;);CCH, 3)*6
(788 | 278 | 358 | 42.6 | 486 | 595 | 639 | 73.7 0]
782 | 283 | 363 | 429 | 488 | 596 | 64.0 | 73.7 2
776 | 281 | 363 | 431 | 491 | 599 | 642 | 73.8 4
772 | 274 | 357 | 427 | 489 | 600 | 644 | 741 8
CH,CHCH(CHj), 27 | 864 | 259 | 333 | 40.0 | 459 | 551 | 621 | 731 0
B47 | 281 | 350 | 413 | 469 | 557 | 625 | 733 2]
830 | 285 | 357 | 425 | 480 | 568 | 634 | 73.7 4
815 | 277 | 352 | 422 | 483 | 576 | 646 | 75.0 8

*There is a small correction (+0.3 g/mole) to the ethyl radical entropy obtained from the grouss, due to the dif-
ferences in reduced moments of inertia for roughly equivalent opposed mass rotors.
b Brackets indicate the values favored by the authors.
¢ Note that the values of this table represent our best estimates and have been generated over the period of prep-
aration of this monograph (roughly 2 years). Values on some data sheets may be somewhat different but such differences

should not exceed=1—2 g/mole in either the entropy or heat capacity.

4V, denotes the barriers to rotation for the alkyl or aryl groups bonded to the radical centers.
¢ Vo for nonconjugated groups bonded to the radical center are assumed to be 2/3 their value in the corresponding

saturated compound.
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Reaction: Chloroethane (ethyl chloride)

C.H;C1 (I~ C,H, (IT)+ HC (I11)

I II III
AHf,05 —26.3 12.5 —22.1
Stees) 66.0 52.5 44.6
Coes) 15.1 10.4 7.0
AS°=31.1 g/mole
AH°=16.7 kcal/mole
ACS= 2.3 g/mole
log 4 E log kr Conditions System Surface References
(700)
13.16 56.46 —4.46 740-940 °K S.P. shock ——— [1] W. Tsang, J. Chem.
1% in Ar Phys. 41, 2487 (1964).
14.2 59.5 —4.37 671-766 °K static none [2] D. H. R. Barton and K. E.
20-200 torr Howlett, J. Chem. Soc.,
165 (1949).
14.6 60.8 —4.38 685-729 °K static —————— [3] K. E. Howlett, J. Chem.
20~200 torr Soc. 3695 (1952).
13.51 56.61 —4.16 684—-744 °K static none {4] H. Hartman, H. G.
136—210 torr Bosche, and H. Heydt-
mann, Zeit. fiir Physik.
Chemie, N.F. 42, 329
(1964).
14.0 58.4  —4.25 675-794 °K static ———— [5] K. A. Holbrook and
0.2-134 torr A. R. W. Marsh, Trans.
Faraday Soc. 63, 643
(1967).

Preferred:
log k=13.2—56.5/6.
log A.,=13.3 (see section 11-1.0).

Experimental

[1] Analysis is G.L.C. on ethylene. Comparative internal rate standard was 2-chloropropane.
[2] Rates by AP. Stoichiometry confirmed by HCI titration.
[3] Rates by AP. Pressure dependence observed below 8 torr. Addition of HCI] and ethylene did not affect the rate

at pressures greater than 8 torr.
[4] Rates by HCI titration. 1,1,2,2d, isotope effect studied by A. T. Blades, P. W. Gilderson, and M. G. H. Wall-

bridge, Can. J. Chem. 40, 5126 (1962).
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Reaction: 1-Chloropropane (n-propyl chloride)
CH;CH.CH,CI (I)»>CH3;CH=CH: (1I)+ HC] (I1I)

1 11 II1
AHS505, —31.3 4.8 —22.1
298) 75.4 63.6 44.6
(298) 20.6 15.3 7.0
AS° =32.8 g/mole
AH°=14.0 kcal/mole
AC;= 1.7 g/mole
log A E log kr Conditions System Surface References
(700)
13.45 55.0 —3.72 693-751 °K static none [1] D. H. R. Barton, A. ]J.
50-155 torr Head, and R. J. Wil-
liams, J. Chem. Soc.
2039 (1951).
13.50 55.08 —3.69 672-733 °K static none 2] H. Hartman, H. G. Bosche,
243-301 torr and H. Heydtmann, Zeit

fiir Physik. Chemié,
N.F. 42, 329 (1964).

Preferred:
log £=13.45-55.0/6
log At =13.2 (see section I1-1.0).

Experimental

{11 Rates by AP. Not inhibited by added propylene.
[2] Rates by HCl titration.
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Reaction:1-Chlorobutane (n-butyl chloride)

CHj3(CH,),CH,Cl (I) - CH;CH.CH=CH, (II)+ HCl (III)

I II 111
AH;(ggg) - 36.2 0 - 22. 1
S&ag) 84.8 73.6 44.6
p(298) 26.1 20.5 7.0
AS° =33.4 g/mole
AH°=14.]1 kcal/mole
ACs= 1.4 g/mole
log 4 E log kr Conditions System Surface References
(700)
14.0 570 —3.79 700-744 °K static none [1} D. H. R. Barton, A. J.
10-135 torr Head, and J. R.
Williams, J. Chem.
Soc. 2039 (1951).
13.63 55.15 —3.58 663—723 °K static none [2] H. Hartman, H. G.
116-308 torr Bosche, and H.
Heydtmann, Zeit fiir
Physik Chemie, N.F.
42, 329 (1964).
14.5 579 —=3.57 664-731 °K static ——— [3] H. Hartman, H.
80-200 torr Heydtmann, and G.

Rinck, Zeit fiir
Physik Chemie, N.F.
28, 85 (1961).

Preferred:
log A =13.63—55.15/6
log A.s:=13.2 (see section II-1.0 and 1-chloropentane).

Experimental

[1] Rates by AP; unaffected by added propylene.
[2] Rates by HCI titration.
[3] Arrhenius parameters of this study revised in[2]. Rates by HCl titration. Confirmed stoichiometry (AP= A(HCI)).

67



Reaction: 1-Chloropentane (r-pentyl chloride)

CH3(CH.);CH,C] (I~ CH3(CH.).CH=CH. (II) + HCI (III)

I 1T II1
AHR,45 —41.2 —4.9 —22.1
(298) 94.2 82.8 44.6
D(298) 31.6 26.2 7.0
AS° =33.2 g/mole
AH°=14.2 kcal/mole
AC;= 1.6 g/mole
log 4 E log kr Conditions System Surface R eferences
(700) :
14.61 583 —3.59 669-729 °K static ~ 5% [1] R. C. S. Grant and
50-450 torr E. S. Swinbourne,
J. Chem. Soc. 4423
(1965).
13.81 5533 —3.46 662-723 °K static negligible  [2] H. Hartman, H. G. Bosch,
103—-211 torr and H. Heydtmann,

Zeit fiir Physik Chemie,
N.F. 42, 329 (1964).

Preferred:
log 4=13.81 —55.33/6;
log A.,=13.2 (see section I1-1.0).

Comments: The A-factors appear to increase with the increasing size of the alkyl group in the n-alkylchloride
series. Such an effect, if real, is difficult to rationalize. It seems more reasonable to consider this trend
an apparent one only, especially in view of the rather sizable discrepancies in the rate constants reported
for the same reactions by different investigators.

Experimental

[1] Rate by AP. Checked stoichiometry by HCl titration and G.L.C. analysis.
Olefin composition: 96% 1-pentene
1% 2-pentene

3% propene + butane + ethane.
[2] Rate by HCI titration.
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Reaction: 1-Chloro-2-methylpropane (isobutyl chloride)

(CH3).CHCH,Cl (I)——————CH;=C(CHs); (IT)+ HCI (I1I)

I II II1
AH{(245) -375 —4.0 —22.1
Ca08) 82.1 70.2 44.6
2(298) 25.8 21.3 7.0
AS° =32.7 g/mole
AH°=11.4 kecal/mole
AC;= 2.5 g/mole
log 4 E log k7 Conditions System Surface References
(700)
14.02 56.85 —3.72 690-717 °K static none [1] K. E. Howlett, J. Chem.

Soc., 4487 (1952).

Preferred:
log ket =12.9-53.2/0 (see section I1-1.0).

Comments: Rate constant is reliable but the Arrhenius parameters are probably high.

Since in the formation of the four-center transition state in this reaction a rather sizable internal rotation
is lost, an A-factor greater than normal (ekT/h) is not reasonable (particularly in this reaction where there
is no reaction degeneracy). The transition state estimate of the A-factor is therefore preferred and the activa-
tion energy has been adjusted accordingly.

Experimental

[1] Rates by AP and HCI titration. Pressure dependence observed below 6 torr total pressure.
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Reaction: 2-Chloropropane (isopropyl chloride)

(CH3).CHCI (I)— CH,=CHCH; (II)+ HCI (I1I)

I II I
AHZ, —33.0 4.8 —22.1
Sta0s) 74.0 63.6 44.6
Crss) 21.4 15.3 7.0
AS° =34.2 g/mole
AH°=15.7 kecal/mole
AC)= 0.9 g/mole
log 4 E log kr Conditions System Surface References
1650)
13.64 51.1 —3.53 740-940 °K S. P. shock [1] W. Tsang, J. Chem. Phys.
41, 2487 (1964).
13.4 50.5 —3.58 680 °K static [2] K. E. Howlett, J. Chem.
60—-135 torr Soc., 3695 (1952).
13.4 50.5 —3.58 640-679 °K static ~12% 3] D. H. R. Barton and
A. J. Head, Trans. Fara-
day Soc. 46, 114 (1950).
Preferred:
log k=13.6-51.1/6
log A.=13.7 (see section II-1.0).
Experimental

[1] Rates by G.L.C. analysis on propylene. Comparative rate standard was ¢-butyl chloride and ethyl bromide.
[2] Rates by AP. Pressure dependence in rate constants observed at P=4 torr.
{3] Rates by AP; unaffected by added propylene.
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Reaction: 2-Chloro-2-methylpropane (¢-butyl chloride)

(CH;)sCCl (I) — CH,=C(CHj3), (II)+ HCI (III)

I I I
AH; —43.1 —4.0 —22.1
Staos) 77.4 70.2 44.6
5(298) 27.9 21.3 7.0
AS° =37.4 g/mole
AH°=17.0 kcal/mole
AC; =1 0.4 g/mole
log 4 E log kr Conditions System Surface References
600)
13.9 46.2 —2.93 750-950 °K S. P. shock ~—— [1] W. Tsang, J. Chem.
1% in Ar Phys. 40, 1498 (1964).
13.74  44.69 —2.53 700-850 °K S. P. shock ———— [2] W. Tsang, J. Chem.
1% in Ar Phys. 40, 1171 (1964).
13.77 45,0 —2.62 [3] S. Wong, Ph. D. Thesis,
Univ. of London. (1958).
12.4 414 —2.68 563—614 °K static small {41 D. H. Barton and
40-240 torr P. F. Onyon, Trans.,
Faraday Soc. 45, 725
(1949).
14.2 46.0 —2.55 547-645 °K static small [5] B. Brearley, G. B.
27-213 torr Kistiakowsky, and C. H.
Stauffer, J. Am. Chem.
Soc. 538, 43 (1936).
13.7 44.9 —2.65 557-582 °K [6] R. L. Failes and V. R.
38-61 torr Stimson, Aust. J.
Chem. 15, 437 (1962).
Preferred:
log k=13.8=45.0/6
log A.=13.8 (see section II-1.0).
Experimental

[1] Rates from G.L.C. analysis on i-butene. Uncertainties in temperatures of the shock and therefore not as reliable
as [2].

[2] Rates by G.L.C. Isopropyl bromide used as an internal comparative rate standard.

{4] Rates by AP; stoichiometry confirmed by HCI titration. Initial fast reactions found to be heterogeneous. Rates
unaffected by added propylene.

[5] Rates by AP. Catalysis by surfaces decreased with surface “conditioning.”

[6] Rates by AP; unaffected by large pressures of SFs.
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Reaction: 2-Chlorobutane (sec-butyl chloride)
~~%—cis CH,CH=CHCH; (I) +HCl (V)
CH3ClHCHzCH3 (I)—-—l-'——»trans CH;CH=CHCH; (III)+ HCl

Cl —~£ . CH,=CHCH,CH, (IV)+ HClI
I II 111 1AY \Y
AHRa9g) —37.2 -1.7 —2.7 0 —22.1
Sos) 83.4 72.1 70.9 73.6 44.6
Chizes) 26.9 18.9 21.0 20.5 7.0
a b c
AS° =33.3 32.1 34.8 gfmole
AH°=13.4 12.4 15.1 kcal/mole
ACy =-1.0 1.1 0.6 g/mole
Path log 4 E log kr Conditions System Surface References
630)
total 13.62 49.6 —3.58 603-663 °K static < 5% [1] A. Maccoll and R. H.
149-290 torr Stone, J. Chem.
Soc., 2756 (1961).
total 14.0 50.6 —3.55 589-666 °K static none [2] H. Heydtmann and
a 13.29  52.66 G. Rinck, Zeit.
b 13.57  51.83 fiir Physik.
¢ 13.64  51.65 Chemie, N.F. 30,
250 (1961).
total 14.07  50.75 —3.53 571-696 °K static [3] H. Heydtmann and
74-225 torr G. Rinck, Zeit.

fiir Physik. Chemie
36, 75 (1963).

Preferred: log k=14.0-50.6/0;
log kes= 14.0-50.6/0 (see section 11-1.0).

cis +trans but-2-ene: log 4.,=13.1 E..=49.2
but-1-ene: log 4.=13.4 E. =512
Experimental

[1] Rates by AP. Product analysis by G.L.C. Cis/trans-but-2-ene ratios found to represent near equilibrium propor-
tions. Cis/trans isomerization catalysed by HCl and carbonaceous surface. Olefin product distribution roughly given

by 40 percent 1-butene; 60 percent 2-butene.

{2] Rates by AP. Stoichiometry confirmed by HCI titration and G.L.C. analysis of olefin products. Product distribu-
tions roughly 50 percent 1-butene, 25 percent cis and 25 percent trans-2-butene.

{3] Study similar to that of [2]. G.L.C. analysis gave 43 percent trans and 20 percent cis-2-butene. This product
distribution is in good agreement with that reported by Maccoll and Stone {1}.
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Reaction: 2-Chloro-2-methylbutane (t-amyl chloride)

—2 . CH,=C(CH;)CH,CH; (II)+ HCI (IV)

(CH3‘)2 (Csz) CCl (I)__L

I 11
AHj 4 —46.5 —8.6
SSes) 89.0 81.9
Clzos) 33.4 26.7
a b
AS°® =375 36.7 g/mole
AH°=15.8 14.2 kcal/mole
AC,= 0.3 —1.3 g/mole
log A E log kr Conditions System
570)
14.65 46.0 - —2.98 543-600 °K static

Preferred: log k= 13.7-44.0/6. (see section 1I-1.0).

E%t
log A@y=13.8 45.2
log A(b)= 13.1 43.2

(CHs); C=CHCH; (I1I) + HC

1
—10.2

81.1

25.1

Surface

none

Iv
—22.1

44.6

7.0

References

[1] D. Brearley, G. B.
Kistiakowsky, and C. H.
Stauffer, J. Am. Chem.
Soc. 58, 43 (1956).

Comments: The rate constant is reasonable, but the Arrhenius parameters seem high. Since the ¢-butyl and
t-amyl bromide eliminations have almost identical A-factors, it is reasonable to expect similar behavior in
the chloride system; log 4 (¢-butyl)=13.7; log A.+=13.8. The estimated A-factor for ¢t-amyl chloride is there-

fore preferred to the experimental value.

Experimental

(1} Rates by AP. Formation of both olefins assumed, although no product analyses were made.
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Reaction: Chlorocyclopentane (cyclopentyl chloride)

cl
O/ (1) —= O (I) + HCl ()

AHg,5)
S'ess)
Coioss)
AS° =31.3 g/mole
AH°=12.1 kcal/mole
AC,= 1.6 g/mole
log A E log kr Conditions
600)
13.47 48.3 —4:11 582-649 °K
40-400 torr
Preferred:

log £=13.1-47.4/6 (see section I11-1.0).

I

—26.3

82.5
23.5

System

static

n II1
7.9 —22.1
69.2 44.6
18.1 7.0
Surface References

[1] E. S. Swinbourne, J.
Chem. Soc. 4668 (1960).

Comments: The A-factors of the cyclopentyl chloride and cyclopentyl bromide decompositions should be
very similar, The loss of pseudo rotation of the cyclopentane ring in the activated complex (evident in the
cyclopentyl bromide results) is not evident here. However, we feel it should be, and therefore have lowered

the A-factor.

Experimental

(1] Rates by AP and by HCI titration. Cyclopentene identified by I.LR. Added Br: produced only slight rate

accelerations.
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Reaction: Chlorocylclohexane (cyclohexyl chloride)

a

O (1) — O (m + HCI (mm)

AHF(506)
Staes)

CZ (298)

AS°=35.8 g/mole
AH°=13.5 kcal/mole
AC;= 3.2 g/mole

log A E log ks Conditions
600)

13.77 50.0 —4.44 591-658 °K
40-400 torr

13.88 50.2 —4.40 623-749 °K

Preferred:
log £k=13.8-50.0/8
log A.=13.5 (see section II-1.0).

stirred flow

Experimental

I II 11
—37.3 -1.7 —22.1
83.1 74.3 44.6
29.1 25.3 7.0
System Surface References
static none [1] E. S. Swinbourne, Aus.

J. Chem. 11, 314 (1958).

[2] W. C. Herndon, M. B.
Henley, and J. M.
Sullivan, J. Phys.
Chem. 67, 2842 (1963).

[1] Rates by AP and by HCI titration not affected by added propylene or cyclohexene. Possible pressure depend-

ence below 5-10 torr pressure.
[2] Anaylsis by G.L.C.
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Reaction: 1-Chloro-1-phenylethane (a-phenylethyl chloride)

@CH—CH; (I)—@CH=CH, (II)+HCI (III)

Cl
I
AH? 95) —0.6
Sta0s) 94.4
Ches) 34.4
AS°=32.7 g/mole
AH°=13.7 kcal/mole
AC;= 1.8 g/mole
log 4 E logkr Conditions
610)
10.78 39.3 —3.30 583-638 °K
12.6 449 —3.49
Preferred:

log £k=12.9-45.4/6.

System

II
35.2

82.5

29.2

Surface

I

—22.1

44.6

7.0

References

[1] B. Stevenson, Ph. D.
Thesis, Univ. of
London (1957).

[2] M. R. Bridge, Ph. D.
Thesis, Univ. of
London (1964). (Under
A. Maccoll.)

Comments: The A-factor of this reaction is much too low even if benzyl resonance (loss of the phenyl internal
rotation) were developed. A maximum entropy loss can be estimated as AS}..=—S° (CH; rotation+ @

rotation)+ R In g—tz —(5.9+8.4) +2.2=12.1 g/mole and A;,=109 sec'.

However, most four- and six-center transition states are quite loose and a more reasonable estimate gives
log A.;=12.9 (with benzyl stiffening). It should be noted that the Arrhenius parameters of the corresponding
bromide (a-phenylethyl bromide) are in reasonable agreement with the higher values predicted by the tran-

sition state calculation.

Experimental

[2] Private communication. No conditions given. Added to monograph after above comments. Note the excellent

agreement between calculated and observed parameters.
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Reaction: (—)Menthyl chloride

—°——><+>—©— (I) + HCI (IZ)

(1)
¢ ~b supC ) (m) + He
1 II II1 1AY
AH{ 598 —60.9 —30.3 -29.8 —22.1
Stes) 112.8 104.3 102.5 44.6
Cass) 50.2 47.0 47.3 7.0
a b
AS°=36.1 34.8 g/mole
AH°= 8.5 9.0 kcal/mole
AC,= 3.8 4.1 g/mole
Path log 4 E log k+ Conditions System Surface References
600)
a 12.0 42.6 —3.51 592624 °K static none [1] D. H. R. Barton, A.
5.9-31.5 torr J. Head, and R. J.
Williams, J. Chem.
Soc., 453 (1952).
b 12.6 45.0 —3.76 672-716 °K flow see below  [2] As above.
~ 10 torr
a+b 11.9 42.4 —3.52 573623 °K [3] T. Bamkole, Ph.D.
Thesis, Univ. of
London (1964).
Preferred:

log kqa=13.5—48.5/6;
log k»=13.5—50.0/0 (see section 1I-1.0).

3.5
Comments: The predicted isomer ratios are (a:b) = T)
The rate constants are almost an order of magnitude larger (600 °K) than those for cyclohexyl chloride.
A factor of 3 would be expected for path a (i.e., the substituent effect on E, at the 8-carbon). The factor
of 3 remaining suggests some surface decomposition, which is in line with the low Arrhenius parameters.
Transition state estimates of the gas phase reaction are preferred.

Experimental

[1] Rates by HCI titration. Product menthenes determined by optical rotation assuming no racemization and
gave ~ 30 percent p-menth-2-ene independent of temperature (3:1 of a:b).
[2] Rates constant parameters determined using results of both dynamic and static methods. Surface effects were

very large unless the walls were “conditioned.”
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Reaction: Neomenthyl chloride

e < (IL) + HCI (I)
(I
cl _be /(111) + HCI
I II II1 Iv
AHfo(zgg) —59.3 —29.8 _30.3 _22.1
Steus) 112.8 102.5 104.3 44.6
Cozes) 50.2 47.3 47.0;: 7.0
a b
AS°=34.3 36.1 g/mole
AH°= 1.4 6.9 kcal/mole
ACy= 4.1 3.8 g/mole
Path log4 E log k; Conditions System Surface References
600)
at+b 11.04 409 —-3.89 573623 °K {1] T. Bamkole, Ph.D.
Thesis, Univ. of
London (1964).
Preferred:

Suspect. For reaction a, however, we prefer log k,=13.5-50.0/0.

Comments: The Arrhenius parameters are far too low to be reasonable. One would expect rate constants
and rate constant parameters to be similar to those of cyclohexyl chloride. Path b should not occur at all
unimolecularly in the gas phase, since the four-center HX eliminations occur only from cis comformations .
Surface reactions and catalysis seem probable. This is supported by the fact that the observed decompo-
sition rate for neomenthyl chloride is faster (factor of 3) than that for cyclohexyl chloride.

Experimental

. . p-menth-3-ene\ 1
[1] The ratio of product isomers was (p—-menth-2-ene) =g
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Reaction: Endo-2-chlorobornane (bornyl chloride)

(1)

la) 5

—(%9 comphe

2 bornene

ne

( é& ) (I*HCI (D

) {
\(\ 17,7 trimethyltricyclo

[2,2.,0%]heptane !

I II
AH;(zss) —39.7 +0.2
S5°%09s) 103 92
CCss)
a
AS°=33.6 g/mole
AH°=17.8 kcal/mole
ACy=
Path log 4 E log kr Conditions System
(600)
Total 13.99 50.55 —4.46 none given
Total 13.78  50.6 —4.59 593-663 °K
Preferred:

Suspect, although the rate parameters are reasonable. log A= 13.5-50/6.

)+ HCI

é)ﬂm

11
—22.1

44.6
7.0

Surface

References

[1] R. C. Bicknell and
Allan Macecoll,
Chem. and Ind.,
1912 (1961).

[2] R. C. Bicknell, Ph. D
Thesis, Univ. of
London (1962).

Comments: Paths b and c are not here considered reasonable for a gas phase reaction. Further confirmation
of “carbonium jon” intermediates would seem necessary. Formation of camphene and tricyclene at the
walls seems more likely. The reaction rates and parameters do, however, seem quite reasonable since they

compare favorably to those of cyclohexyl chloride.

Experimental

[1] Rates by G.L..C. analysis. Product distribution: tricyclene (55 percent), camphene (25 percent), bornylene
(20 percent). Extensive rearrangements of the reactant structure, as in paths b and ¢, were taken as evidence for the

heterolytic nature of the HX elimination reactions.
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Reaction: Exo-2-chlorobornane (isobornyl chloride)

(a)/7I
Bh,cn () (p)1—-22% m

I I III
AH}’(z%) —38.1 0.2 —22.1
S°e08) 103 92 44.6
Chiaom) 7.0
AS°= 33.6 g/mole
AH°=16.2 kcal/mole
AC,=
log 4 E log kr Conditions System Surface References
(605)
14.78 49.7 583-623 °K [1] R. C. Bicknell, Ph. D.
Thesis, Univ. of London
(1962).
Preferred:
Suspect.

Comments: The A-factor appears to be much too high, particularly for path a, which would involve extensive
structural rearrangement and a loss of one methyl rotation. The reaction rates also appear to be too high
if cyclohexyl chloride is used as a comparative standard. A study of the individual reaction paths would be
useful in establishing the unimolecularity of this reaction and its isomer, bornyl chloride.

Experimental

[1] Rates by G.L.C. analysis. Product distribution was 75 percent camphene, 25 percent bornylene, and less
than 5 percent tricyclene. (See comments on bornyl chloride.)
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Reaction: 1,1-Dichloroethane (ethylidene dichloride)

C:H4Clo(I)— CIHC =CH, (II)+ HCI (III)

I II 111
AH} 545 —28.2 8.9 —22.1
Staos) 71.9 62.9 44.6
Chiass) 18.3 13.1 7.0
AS°=35.6 g/mole
AH®°=15.0 kcal/mole
AC,= 1.8 g/mole
log 4 E log kr Conditions System Surface References
(700)
12.08 49.5 —3.37 671-766 °K static none [1] D. H. R. Barton and
20-200 torr ‘ K. E. Howlett, J. Chem.
Soc., 165 (1949).
11.65 48.3 —3.43 685-722 °K static —————— [2] K. E. Howlett, J. Chem.
20-200 torr Soc., 3695 (1952).
13.45 53.5 —3.25 641-723 °K static none [3] H. Hartman, H. Heydt-
150410 torr mann, and G. Rinck,

Zeit. fiir Physik.
Chemie 28, 71 (1961).

Preferred:
log k=13.45-53.5/6.
log A.=13.6 (see section I11-1.0).

Comments: The rate constants are in good agreement, although only the most recent study reports reason-
able Arrhenius parameters.

Experimental

[1] Rates by AP and HCl titration. No acetylene produced. Not inhibited by propylene. Pr/P; = 2.
[2] Rates fell off below 17 torr. High-pressure rate restored with added HCL
[3] Rates by AP and HCI titration. No total pressure effect observed between 150 and 410 torr.
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Reaction: 2,2-Dichloropropane

CH;CCLCH; (I——CH, = CCICH; (II)+ HCI (I1I)

AH; (298)
S?zss)
C;(298)

AS°=37.4 g/mole

AH°=11.1 kcal/mole

AC;= 1.5 g/mole

Conditions

log 4 E log k,

640)

—3.09 603-683 °K
7-40 torr

11.9 43.9

Preferred:
log £=14.0-50/8.

Comments: The rate constant is reasonable, although the Arrhenius parameters seem low. By analogy with

—32.3

78.2

23.9

System

static

II
0.9

71.0

184

Surface

none

1T

—22.1

44.6

7.0

References

{11 K. E. Howlett, J. Chem.
Soc., 945 (1953).

the rate constant parameters of ethyl chloride (10132-56.5/6) apnd 1,1-diethyl chloride (10!3-5-53/8) one would
expect 2,2-dichloropropane to have parameters similar to those of isopropyl chloride (i.e., a somewhat higher
A-factor and a lower activation energy by about 3 kcal/mole. The transition state estimate of 4 with adjusted

E is therefore preferred.

Experimental

{1] Rates by AP and by HCl titration were unaffected by added propylene. P;/P; = 2.
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Reaction: 1,1-Dichloropropane

CHCL,CH,;CH; (I)— CHCI=CHCH; (II) + HC1 (iIl)
I 5| III
AHZ (298 —32.3 0.7 —22.1
S°298) 81.3 71.5 44.6
Chrzss) 23.8 18.3 7.0
AS® = 34.8 g/mole
AH°=10.9 kcal/mole
AC; = 1.5 g/mole
log A E log kr Conditions System Surface References
(700)
12.76 51.2 —3.22 653-713 °K static [1] K. E. Howlett, J. Chem.

6-61 torr

Preferred:
log £=13.5-53.5/6.

Soc., 945 (1953).

Comments: The reported Arrhenius parameters of this reaction seem low (see comments on 2,2-dichloro-
propane). Parameters similar to those of 1,1-dichloroethane would be expected. A transition state estimate
of A is therefore preferred (see section 11-1.0).

Experimental

[1] Rated by AP and by HClI titration determined under conditions of maximum inhibitions with isobutene. Rate
constants appeared to be pressure dependent below 30 torr pressure. Py/P; = 2.
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Reaction: 1,2-Dichloropropane
@, CHy=CHCH,CIII)+ HCL(V)

CH;CICHCICH;(I) —2~ CICH =CHCH,(IIl)+ HCl

~<.. CH, =CHCICH;(@V)+HCl

1 II I v A%
AH{ 98 —383 -—1.3 0.7 0.9 -—221
S°e98) 83.6 73.3 71.5 71.0 44.6
C°@8) 24.1 18.2 18.3 18.4 7.0
b
AS° =32.5 g/mole
AH°=16.9 kcal/mole
AC; = 1.2 g/mole
Path log A4 E log kry Conditions System Surface References
(700)
Total 13.8 54.9 —3.34 689-725 °K static <5% [1] D. H. Barton and
A. J. Head, Trans.
Faraday Soc. 46,
114 (1950).
Preferred:
log k=13.8-54.9/0
Estimated:
log Ag)=13.1 E, =54.2 kcal/mole
log Ap)=13.3 E;, = 53.2 kcal/fmole
log Ay=12.8 E. =53.2 kcal/fmole
Comments: (see section I1-1.0).
Experimental

[1] Rates by AP. No induction periods and no effects by Cl; or O; in small amounts or or by added propylene. T}
the reaction is self-inhibiting. In the time period of the study PfP; =2 2.0. Over prolonged periods PyfP; = 2.5, indicat
a slow elimination of HC1 from one of the olefin products. Analysis was not performed, but in a prior study (D. H. R. B
ton, J. Chem. Soc., 148 (1949)), a mixture of olefins was observed.
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Reaction: 1,1,1-Trichloroethane

CCI;CH; (I)— CL,C=CH_ (II)+ HCI (III)

I II 11
AHZ 595 —30.1 4.3 —-22.1
Staes) 75.0 68.3 44.6
Cozos) 22.5 16.5 7.0
AS° =37.9 g/mole
AH°=12.3 kcal/mole
ACy;= 1.0 g/mole
log 4 E log kr Conditions System Surface References
(700)
14.07 54.2 —2.85 683-713 °K static ~12% [1] P. F. Onyon and D. H. R.
70—80 torr Barton, J. Am. Chem.
Soc. 72, 988 (1950).
14.0 54.0 —2.85 flow — [2] N. Spokes and S. W.
Benson, to be
published.
Preferred:
log k=14.1-54.2/6.
log A= 13.9 (see section II-1.0).
Ekperimental

[1] Rates by AP and HCI titration determined under maximum inhibition conditions using propylene. Under maxi-
mum inhibition, rates were independent of P, with no induction periods. (Ps/P; ~ 2.0). Free radical chain decomposition
dominated in the pure trichloroethane decomposition.

[2] Analysis by M.S.
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Reaction: 1-Chloro-1-methoxyethane (a-chloroethyl methyl ether)

CH;CHCIOCH; (I)—>CH>=CHOCH; (II)+ HCl (I1II)

I II 111
F (298) —63.7 —25.1 —22.1
(298) 86.0 72.5 44.6
Chz0s) 24.4 18.5 7.0
AS° =31,1 g/mole
AH°=16.,5 kcal/mole
AC;= 1.1 g/mole
log 4 E log kr Conditions System Surface References
480)
11.46 33.3 =3.70 453-523 °K static ~20% [1] P. J. Thomas, J. Chem.
33-420 torr Soc., 136 (1961).

Preferred: Suspect.
log k=13.1-36.9/6 (see section II-1.0).

Camments: The estimated equilibrium constant for the above reaction is about 20 atm at 480 °K so that bac!
reaction is appreciable at more than 50 percent decomposition. There must be unknown experimente
complications, perhaps some polymerization of the vinyl ether or wall reactions or both. Although the re
ported rate constants may be fairly representative of the reaction indicated, the reported A-factor is certainl
too low. The maximum loss in activation entropy for this reaction can be estimated in terms of the total los
of a methyl rotation, plus the symmetry change between transition and initial states:

(AS hin = — 6.4+ RIn3)=—4.2 g/mole.

4
Thus A,*;.,,,=%Z'x 10 (ZA—éSfS) ~ 10125 gecl.

The transitjon state calculation of 4 and adjusted E ,; are preferred, although E still seems too low.

Experimental

» [1]. Rates by AP; unaffected by added cyclohexene. PyfP; = 1,75 was believed to be a result of the reverse proces
and the attainment of an equilibrium state (see discussion). HCl was titrated in situ with NH;. See also 1-chloro-]
ethoxyethane.
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Reaction: 1-Chloro-1-ethoxyethane (a-chloroethyl ethyl ether)

CH;CHCIOCH,CH; (I)—>CH,=CHOCH,CH; (Il)+ HC] (I1T)

lF298)
‘?zsm
C;(zs)x)
AS° =31.1 g/mole
AH®°=16.5 kcal/mole
AC;= 1.1 g/mole
log 4 E log ky Conditions
450) '

10.52 30.3 —4.20 164-221 °C
20-280 torr

Preferred: Suspect.,
log k=13.2-36.0/6.

|

—71.9

96.3

29.8

System

static

I1 11
—33.3 —22.1
82.8 44.6
23.9 7.0
Surface References

~15%(?) [1] R. I Failes and V. R.
Stimson, Austr. J. Chem.
20, 1553 (1967)

Comments: Independent measurements of the back reaction showed that it was predominantly heterogene-

ous, particularly at the lowest temperature (144 °C). This, of course, is not consistent with a homogeneous
forward reaction. Reported Arrhenius parameters are much too low.

Experimental

[1]. Vessel required coating with allyl bromide pyrolysis products before reproducible results could be obtained.
Only one set of runs was made at 194 °C with S/V increased eight-fold to check homogeneity. Back reaction rate under
similar conditions increased two-fold in rate for eight-fold S/V increase.
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Reaction: Trichloromethyl chloromethanoate (trichloromethyl chloroformate)
0]

|
CI—C—OCC (1) —> 2[CLC=0] (ID)

I II
AHZz08) —111 —52.5
Siao8) 100 67.5
Ch208) 29.7 14.3
AS° =35.0 g/mole
AH°=6.0 kcal/mole
AC;=—1.1 g/mole
log 4 E log k- Conditions System Surface References
(560)
13.15 41.5 —3.04 533-583 °K static none [1] H. C. Ramsperger and
4.5-16.4 torr G. Waddington, J. Am.
Chem. Soc. 55, 214
(1933).

Preferred:
log k=13.14-41.5/6.

Comments: A four-center transition state estimate gives log 4., =13.0 (see section I1I-1.0).

Experimental

[1] Rate by AP. (Py/P,)=2.0%.02. “Clean” surfaces accelerated the reaction; wall conditioning was essential
for reproducibility.
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Reaction: Bromoethane (ethyl bromide)

I II II
AH g4 —16.1 12.5 —8.7
SCogs) 69.0 52.5 47.4
C?»(z.ux) 15.3 10.4 7.0
AS° = 30.9 g/mole
AH*=19.9 kcal/mole
ACY=2.1 g/mole
log 4 E log ky Conditions System Surface References
(700)
12.86 52.3 3.47 790-890 °K flow ———— [1] A. T. Blades and G. W.
Murphy, J. Am. Chem.
' Soc. 74, 6219 (1952).
13.45 53.9 3.37 655-703 °K static < 10% [2] P. J. Thomas, J. Chem.
25—-567 torr Soc., 1192 (1959).
12.95 52.2 3.34 796—906 °K flow —— [3] A.T. Blades, Can. J. :
6—44 torr Chem. 36, 1043 (1958).
12.85 52.0 3.38 583-749 °K static ____ ____ [4] A.E. Goldberg and F.
50-300 torr Daniels, J. Am. Chem.
Soc. 79, 1314 (1957).
13.19 53.7 3.57 740-940 °K S.P. —— [5] W. Tsang, J. Chem. Phys.
1% in Ar shock 41, 2487 (1964).
Preferred:
log k=13.45-53.9/6
log Ao = 10133 sec~! (see section 11-1.0).
Experimental

[1] Analysis and rates from HBr titration. Toluene carrier technique. The absence of C;Hs, Hy and (ACH,), in the
products was cited as evidence against a (C-Br) split as the initiation step of the concurrent free radical chain process.*

[2] Rates by AP under conditions of maximum inhibition. The chain component of the decomposition was estimated
at 90 percent.

[3] Toluene carrier technique. Rates from HBr titration. The ethyl ds isotope effect was studied.

{4] Rate constants were obtained from the initial reaction rates and from the rates in the presence of n-hexane.

[5] Single pulse shock. Rates by HBr titration. Isopropyl bromide was used as the comparative rate standard.
1,1,2,2-d, isotope effect studied by A. T. Blades, P. W. Gilderson, and M. G. H. Wallbridge, Can. J. Chem. 40,5126 (1962).

*This is not a valid conclusion if the chain length for ethyl bromide is long, which is indeed suggested by the photochemical data.
See Barker and Maccoll, J. Chem. Soc., 2839 (1963).
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Reaction: 1-Bromopropane (n-propyl bromide)

C3H;Br (I)— C;Hs (II)+ HBr (111)

AIO

1(298)
Stom)
Claom)
AS°=32.6 g/mole
AH°=17.2 kcal/mole
AC; = 1.5 g/mole
log A E log kr Conditions
(700)
13.0 50.7 —2.83 790-890 °K
12.9 50.7 —2.93 623663 °K
60-500 torr
Preferred:

log £=13.0-50.7/6
log A.,=13.2 (see section 1I-1.0).

[11 Rates by HBr titration. Toluene carrier technique employed.

I 1| 11
-21.1 4.8 —8.7
78.4 63.6 47.4
20.8 15.3 7.0
System Surface References
flow _ [1] A. T. Blades and G. W.
Murphy, J. Am. Chem.
Soc. 74, 6219 (1952).
static none [2] A. Maccoll and P. J.
Thomas, J. Chem. Soc.,
5033 (1957).
Experimental

[2] Rates and analysis by HBr titration. Stoichiometry confirmed (AP = A(HBr)). Rates were accelerated by added O,.
Relative inhibition efficiencies of propylene, cyclohexene, and 2 4-dimethyl-pent-2-ene were obtained.
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Reaction: 1-Bromobutane (n-butyl bromide)

CH,;CH,CH,CH,Br (I) — CH,=—CHCH,CHj (I1)+ HBr (I1I)

I i 11
A ;(293) —26.0 0 '—8.7
SCa0s) 87.8 73.6 47.4
Chz98) 26.3 20.5 7.0
AS° =33.2 g/mole
AH°=17.3 kealfmole
ACS= 1.2 g/mole
log A E log kr Conditions System Suirface Reéferences
670) :
13.18 509 — 3.42 641-692 °K static < 10% {1] A. Maccoll and P. J.
34-470 torr Thomas, J. Chem. Sot.,
5033 (1957).
1292 50.5 static [2] M. R. Bridge and J. L.
!ﬁlol‘mes J. Chem. Soe.
B, 713 (1966).
Preferred:
log k=13.2-51.0/6
log Aest=13.2 (see section 1I-1.0).
Experimental

(1] Rates determined by HBr titration (A(HBr)= AP). Cyclohexene reduced the rate by less than 10 percent.

[2] Unpaired electron content and reactivity of carbens produced by pyrolysis of allylbmmlde cis-but:2:6he iso-
butene + EtBr examined by E.S.R. showed that spin content of carbons does not vatalyze elimination from #BuBr or
iPrBr. as suggested ax a possibility by Laidler and Wojciechowski (Trans. Furaday Sov. 89, 369 (1963)).
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Reaction: 1-Bromopentane (n-pentyl bromide)

CH4(CH,);CH,Br (I) — CH;=CH(CH).CH;3 (II)+ HBr (III)

I II 1
o —31. —-4.9 —8.7
AHMQH) 31.0
Sieas) 97.2 82.8 47.4
CS 8 31.8 26.2 7.0
AS° =33.0 g/mole
AH°=17.4 kcal{mole
AC,= 14 g/mole
log A E log kr Conditions System Surface References
670)
13.09 50.5 —3.38 653—-703 °K static < 10% [1] J. H. S. Green, A. Mac-
22—-338 torr coll, and P. J. Thomas,
J. Chem. Soc., 184
(1960).
Preferred:
log k=13.09—50.5/6.
log Aet=13.2 (see section 11-1.0).
Experimental

[1] Rates determined by HBr titration under maximum inhibition of chains with cyclohexene in seasoned reactios
vessel. Chain component estimated at 46 percent.*

*With such a sizable chain component, the homogeneous unimolecular rate constants are subject to rather poor precision.
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Reaction: 1-Bromohexane (n-hexyl bromide)

C6H13Br (I) _—> C6H12 (II)+ HBI‘ (III)

I II 111
AHS 05, —35.9 —-9.9 —8.7
Seras) 106.6 92.2 47.4
C3208) 37.3 31.6 7.0
AS° =33.0 g/mole
AH°=17.3 kcal/mole
AC;= 1.3 g/mole
log 4 E log kr Conditions System Surface References
670)
13.14 50.5 —3.33 653-703 °K static < 10% f1] J. H. S. Green, A. Mac-
33~267 torr coll, and P. J. Thomas,
J. Chem. Soe., 184
(1960).
Preferred:
log k=13.14-50.5/6.
log Aes = 13.2 (see section 11-1.0).
Experimental

[1] Rates determined by HBr titration under maximum inhibition with cyclohexene. Chain contribution about
37 percent, indicating rather poor precision for the unimolecular rate constant measurements.
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Reaction: 1-Bromo-2-methylpropane (isohutyl bromide)

(CH3);CHCH,Br (I) — CHy=C(CH3). (II)+ HBr (III)

1 i mn
AH o0 —26.7 —4.0 —8.7
S0 85.1 70.2 47.4
Coiomy 26.0 21.3 7.0
AS® =32.5 gfmole
AH°=14.0 keal/mole
AC5= 2.3 g/mole
log 4 E log kr Conditions System Surface References
(660)
13.05 50.4 —3.7 509-565 °K static < 10% [1] G. D. Harden and A.
48-100 torr Maccoll, J. Chem. Soc.,

1197 (1959).

Preferred:
log k=13.05-50.4/6
Comments: Reliable as reported: log 4. = 12.9 (see section II-1.0).

Experimental

[1] Rates obtained from pressure measurements under maximum inhibition with cyclohexene. Chain contributior
to the uninhibited decomposition estimated at 90 percent. Relative inhibition efficiencies of cyclohexene, cyclopenta:
diene, and 2 ,4-dimethylpent-2-ene were obtained.*

Because of the large chain component, rather poor precision in the measured unimolecular rate constants is expected.

94



Reaction: 2-Bromopropane (isopropyl bromide)

CH;;\C
/
CH;
AHf04)
Stass)
CZ(zss)
AS° =33.6 g/mole
AH°=19.8 kcal/mole
AC°= 1.2 g/mole
log 4 E log kr Conditions
(600)
13.6 47.7 —3.77 686-760 °K
13.62 47.8 —3.79 583-623 °K
26—120 torr
12.74 47.0 —4.38 347-497 °K
10-150 torr
Preferred:

log k=13.6-47.8/6
log Ao, =13.7 (see section I1-1.0).

H—Br (I)—— C3;H¢ (II)+ HBr (III)

I 11 111
—23.7 4.8 —8.7
77.4 63.6 47.4
21.1 15.3 7.0
System Surface References
flow {1] A. T. Blades and G. W.

Murphy, J. Am. Chem.
Soc. 74, 6219 (1952).
static < 10% [2] A. Maccoll and P. J.
Thomas, J. Chem. Soc.,
969 (1955); A. Maccoll,
J. Chem. Phys. 19,

977 (1951).

[3] N. Semenov, D.A.N.
SSSR, 301 (1955);
G. B. Sergeev, Dok.
Akad. Nauk. SSSR 106,
299 (1956).

Experimental

[1] Rates determined by HBr titration. Toluene carrier technique.
[2] Rates determined by HBr titration (AP = A(HBr)). Maximum inhibition with cyclohexene. Chain contribution

less than 10 pecent.
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Reaction: 2-Bromobutane (sec-butyl bromide)

CH3(|3HCH2CH3 (I)—2~ CH=CHCH,CHj, (I)+ HBr (IV)

Br —b_ ¢is and trans CH;CH=CHCHj (III)+ HBr
1 i I 11 v
AH7 2os) —27.9 0 —1.7 —2.7 —8.7
S8 86.8 73.6 72.1 70.9 47.4
Chese) 26.6  20.5 18.9  21.0 7.0
a
AS° =34.2 g/mole
AH°=19.2 kcal/mole
AC5= 0.9 g/mole
Path log4 E log kr Conditions System Surface References
(600)
a+b 12.63 43.8 —3.32 573-623 °K static < 10% 1] A. Maccoll and P. J.
25—-343 torr Thomas, J. Chem.
Soc., 2445 (1955).
a+b 13.53 46.47 -—3.39 572-627 °K static [2] M. N. Kale, A. Mac-
2—-300 torr coll, and P. J.

Thomas, J. Chem.
Soc., 3016 (1958).

a+b 13.0 45.5 —3.55 603-673 °K static 3] G. B. Sergeev, Dok.
10-200 torr Akad. Nauk. SSSR
106, 299 (1956).

Preferred: log k  =13.5-46.5/0

Estimated:
log 4, =13.3 E,=478
log 4, =13.1 E,=45.8

log Ay+p=13.7-47.0/0 (see section II-1.0).

Experimental

(1] Rates determined under maximum inhibitions with cyclohexene. Chain contribution less than 5 percent. Analy-
sis by HBr titration, A(HBr)= AP. '

[2]' Revised Arrhenius parameters of [1] from repeated study under similar conditions. Since HBr catalyzes the
isomerization of butenes, analysis of the isomeric butenes was not made. '

96



Reaction: 4-Bromo-1-pentene

—£- CH,=~CHCH,CH=CH, (II)+ HBr (V)
CHZ-——-CHCHZCIHCHg 0= cis CH;=CHCH=CH,CH; (III) + HBr

Br —~ trans CH/=CHCH=CH,CH; (IV)+ HBr
I In I v A%
AHR, —2.6 25.2 18.7 18.6 —8.7
S o8 %4 797 715 764 47.4
Chass) 29.4 251 22,6  24.7 7.0
a
AS°® =32.7 g/mole
AH°=19.1 kcal/mole
AC;= 2.7 g/mole
Path log 4 E log kr Conditions System Surface References
600)
Total 12.94 44.7 -3.34 573-623 °K static < 10% f1] P. J. Thomas, J.
112—-206 torr Chem. Soc., 1192
(1959).

Preferred: Rate constant reliable.
Estimated: (see section II-1.0).

log A, =13.3 E, =47.8
log Ab+c = 13.1 Eb+c =4'5.8
].Og Aa+b+c= 13.7 Ea+b+c+4‘7.0.

Comments: The overall reaction rate is comparable to that observed for sec-butyl bromide. This suggests
that the allylic resonance possible for paths b and ¢ does not appreciably develop in the transition state.
The Arrhenius parameters, by comparison with sec-butyl bromide, look slightly low. The transition state
estimate is preferred.

Experimental

[1] Rates were determined by AP under conditions of maximum inhibition with cyclohexene. The normal decom-
position was kinetically complex. Analysis by HBr titration. AP = A(HBr). No analysis of the olefin products was made.
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Reaction: Bromocyclopentane (cylcopentyl bromide)
Br

d([)—)cyclopemene [D (1) + HBr (m)

I I 111
AHj544) —17.0 7.9 —8.7
Shos) 85.9 69.2 47.4
CS0s) 23.7 18.1 7.0
AS° =30.7 g/mole
AH°=16.2 kcal/mole
AC;=.1.4 g/mole
log A E log kr Conditions System Surface References
(600)
11.9 41.4 —3.18 573-633 °K static <10% [1] S. J. W. Price, R.
38-106 torr Shaw, and A. F.
Trotman-Dickinson,
J. Chem. Soc., 3855
(1956).
12.84 43.7 —3.07 573-633 °K static <10% [2] M. N. Kale and A.
12-92 torr Maccoll J. Chem. Soc.,

5020 (1957).

Preferred:
log k=12.8—43.7/6
log Aoy =12.8 (see section IT-1.0).

Comments: The lower Arrhenius parameters of [1] could have resulted from a small chain component. Loss

of the pseudo rotation of the cyclopentane ring in the transition state is consistent with the relatively low
A-factor of [2].

Experimental

[1] Rates by AP. Stoichiometry confirmed, A(HBr)=AP. Observed short induction periods. Inhibition with eyclo-
hexene reduced rates by less than 10 percent.
[2] Rates by AP. No induction periods observed and no effect on the rate by added cyclohexene.
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Reaction: Bromocyclohexane (cyclohexyl bromide)

Br
O/(I)_;cycbhexene ( @,I )+ HBr (Il

I 1 Il
AH;(zgs) - 28.0 - 1.7 - 8.7
S@os) 86.5 74.3 47.4
D(298) 28.8 25.3 7.0
AS° =35.2 g/mole
AH°=17.6 kcal/mole
AC5= 3.5 g/mole
log 4 E log kr Conditions System Surface References
(600)
13.52 46.1 —3.27 573-623 °K static none [11 J. H. S. Green and A.
40-400 torr Maccoll, J. Chem. Soc.,
2499 (1955).
Preferred:
log £=13.52—46.1/6;
log A, =13.5 (see section II-1.0).
Experimental

(1] Rates obtained from pressure measurements. Stoichiometry confirmed by HBr titration. (AP = A(HBr)). Rates

unaffected by additions of cyclohexene or small amounts of allylybromide or bromine, implying that the reaction is self-
inhibiting and free from chain-induced decomposition.

99



Reaction: 1-Bromo-1-phenylethane (a-phenylethyl bromide)

ACHCH,; (I)—@CH=CH, (II)+ HBr (11I)

r
I 1I 11
AHR, g5 8.7 35.2 —8.7
S°e08) 97.4 82.5 47.4
C° ass) 34.1 29.2 7.0
AS° =32.5 g/mole
AH°=17.8 kcal/mole
AC3= 2.1 g/mole
log A E log kr Conditions System Surface References
(545)
12.18 38.8 —2.7 528-558 °K [1] B. Stevenson, Ph.D.
Thesis, Univ. of London
1957).

Preferred:
log k=12.8-38.8/6.

Comments: Transition state estimate of 4, assuming benzyl stiffening in the transition state, gives log 4=
12.9.
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Reaction: 2-Bromo-2-methylpropane (t-butyl bromide)

(CH3);CBr (I)—-C,H,Br (II)+ HBr (III)

I II 1
AHgy45 -30.5 —4.0 —8.7
Ca08) 80.4 70.2 47.4
Clam) 27.9 21.3 7.0
AS° =37.2 g/mole
AH°=17.8 kcal/mole
AC;= 0.4 g/mole
log 4 E log k; Conditions System Surface References
(525)
13.3 40.5 —3.56 509-565 °K static <10% [1] G. B. Kistiakowsky and
48-100 torr C. H. Stauffer, J. Am.
Chem. Soc. 59, 165
(1937).
14.0 42.0 —3.48 503-553 °K static [2] G. D. Harden and A.
40-400 torr Maccoll, J. Chem. Soc.,
2455 (1955).
13.5 41.5 —3.77 700-900 °K S.P. {31 W. Tsang, J. Chem.
1% in Ar shock Phys. 40, 1498 (1964).
13.24 41.0 —3.84 538-598 °K [4] G. B. Sergeev, Dok.
10-150 torr Akad. Nauk. SSSR
106, 299 (1956).
13.87 41.49 —3.40 700-900 °K S.P. [5] W. Tsang, J. Chem.
1% in Ar shock Phys. 40, 1171 (1964).
Preferred:
log k=13.8-41.8/0
log Ay =13.8 (see section 11-1.0).
Experimental

[1] Reaction proceeds to an equilibrium state (i.e., P;/P; < 2). Rates by pressure measurements.

[2] No inhibition observed with added cyclohexene or with cyclopentadiene. No appreciable rate acceleration
observed with added bromine or allylbromide. The reaction is therefore self-inhibiting and free from radical-induced
decomposition. Rates by pressure increase.

[3] Rates by G.L.C. analysis of isobutene.

101


lpaek


Reaction: 2-Bromo-2-methylbutane (¢-amyl bromide)

—2(CH,).C=CHCH; (II)+ HBr (IV)
C2H5(CH3)2CBI' (I)
——CH, = C(CH3)CH.CH; (III)+ HBr

I 1I 11 1AY
AHjG59s) —33.9 —10.2 —8.6 —8.7
So0m 92.0 81.1 81.9 47.4
Cirizes) 33.4 25.1 26.7 7.0
a
AS° = 36.5 g/mole
AH°= 15.0 kcal/mole
ACy=—1.3 g/mole
Path log4d E logkr Conditions System Surface References
(525)
a+b 13.6 40.5 —3.26 493-543 °K static <10% (1] G. D. Hardin, J.
80-363 torr Chem. Soc., 5024

(1957).

Preferred:
Reliable as reported: log £ =13.6 —40.5/6.
Comments:
Estimated: log 4, =13.1 E, =39.8 kcal/mole
log 4, =13.8 E, =41.8 kcal/mole
log Agrs=13.7 Eq.p = 40.2 kcal/mole (see section I1-1.0).
Experimental

{1] Rates by pressure increase. Reaction proceeds to an equilibrium state (P4/P; < 2). Rates unaffected by addition
of cyclohexene. Large pressures of added bromine produced only a slight acceleration. LR. analysis indicated the
major olefin formed to be 2-methylbut-2-ene.
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Reaction: 2,3-Dimethyl-2-bromobutane.

—2_.CH,= C(CH;)CH(CH,). (II)+ HBr (IV)

I II I v
AH o4, —-39.5 —14.8 —15.9 —8.7
(298) 98.9 87.4 86.7 474
298) 38.6 32.5 30.5 7.0
a b
AS° =35.9 35.2 g/mole
AH°=16.0 14.9 kcal/mole
AC,= 09 —1.1 g/mole
Path log 4 E log k; Conditions System Surface References
(510)
a-+b 13.54 39.0 -—3.17 483-533 °K static <10% [1] G. D. Harden and A.
50-400 torr Macecoll, J. Chem.

Soc., 5028 (1957).

Preferred:
log k=13.54 —39.0/0:
Estimated: log k, =13.6—41.4/6
logk, =12.8—38.4/6
log keio=13.6 —39.2/6 (see section II-1.0).

Comments: The calculated equilibrium constant for path b gives K.,=10%#8 torr, which corresponds to
an equilibrium state at about 90 percent decomposition (in agreement with observation).

Experimental

[1] Rates by AP. Reaction stated to proceed to an equilibrium state. Cyclohexene reduced the rate by 6 percent.
Olefin products were not analyzed but the major product was believed to be 2,3-dimethyl-2-butene.
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Reaction: 1,1-Dibromoethane (ethylidene dibromide)

HBr,CCH; (Iy)—CHBr=CH, (II)+ HBr (III)

I II 111
AHR 45, —10.1 18.7 —8.7
(298) 78.7 65.7 47.4
D(298) 18.7 13.2 7.0
AS°® =34.4 g/mole
AH°=20.1 kcal/mole
AC;= 1.5 g/mole
log A E log ky Conditions System Surface References
660)
12.9 49.5 —3.5 623-703 °K [1] P. T. Good, Ph.D.

Thesis. Univ. of
London (1956).

Preferred:
log kesy=13.5~51.3/6 (see section 11-1.0).

Comments: Parameters seem slightly low, but not unreasonable. Prefer transition state estimate.
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Reaetion: lodoethane (ethyl iodide)

AH;(ZQB)
5?298)
CZ(sz)
AS° =31.1 g/mole
AH°=20.9 kcal/mole
AC;= 2.0 g/mole
log 4 E log kr Conditions
(740)
14.1 52.8 —1.49 704-774°K
0.6—4 X102 torr
Pr=2-18 torr
13.36 50.0 —1.40 603—-665 °K
27273 torr
Preferred:

log £=13.36-50.0/6
log Aes;=13.3 (see section 11-1.0).

II I
—2.2 12.5 6.2
70.7 52.5 49.3
15.4 10.4 7.0
System Surface References
flow 1} Joe-Hyun Yang and D. C.
Conway, J. Chem. Phys.
. 43,1296 (1965).
static <2% [2] A. N. Bose and S. W.
Benson, J. Chem. Phys.
37,2935 (1962).
Experimental

[1] Toluene carrier technique. Determined rates from scintillation counter measurements of the C14 content of the
ethylene formed. The ethyl iodide was C!4 labeled. The (C—I) bond rupture reaction (C:Hs[——C,H; + I) was competi-

tive (see fission reactions).

[2] Rates were followed by pressure change. The back reaction was also studied in the temperature range 562—
604 °K, log k,=8.52-28.9/6 (with ks, in units of I/mole-sec). Both rate constants are in good agreement with the

thermodynamics.
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Reaction: 2-Iodopropane (isopropyl iodide)
(CH3),CHI — CH,=CHCH; (II)+ HIL (IIT)

I 11 11
AH3208) —9.5 4.8 6.2
Stass) 79.0 63.6 49.3
Coanm) 21.0 15.3 7.0
AS° =33.9 g/mole
AH°=20.5 kcal/mole
AC;= 1.3 g/mole
log A4 E log kr Conditions System Surface References
(600)
1446 48.2 —3.09 558-630 °K static [1] J. L. Holmes and A.
8-150 torr Maccoll Proc. Chem.
Soc., (London), 175
(1957).
14.49 4796 —2.98 563—-630 °K static none [2] J. L. Holmes and A.
8-87 torr Macecoll, J. Chem.
Soc., 5919 (1963).
1296 43,5 —2.88 543-573 °K static [3] H. Teranishi and S. W.
17.4-50 torr Benson, J. Chem. Phys.
40, 2946 (1964).
1290 429 —2.72 565-609 °K static —— [4] J. L. Jones and R. A. Ogg
J. Am. Chem. Soc. 59,
1939 (1937).
13.67 45.07 —2.74 680-850 °K S. P. shock [5] W. Tsang, J. Chem. Phys.
< 1% in Ar 41, 2487 (1964).

[overall reaction stoichiometry: 2RI——I,+ C3H e+ C3Hs since RI+ HI——RH + 1. (fast)]

Preferred:
log k,=13.53 —45.0/6
log A.i=13.3 (see section 11-1.0).

Comments: Kinetics of the back reaction (addition) have been measured by A. N. Bose and S. W. Benson,
J. Chem. Phys. 37, 1081 (1962). They obtained k,=107-89-23-4/¢ }/mole-sec. With the reaction thermody-
namics, this gives the preferred values for the elimination reaction.

Experimental

[1] Analysis by G.L.C. Autocatalytic below 558 °K. Arrhenius parameters revised in [2].

[2] Analysis by G.L.C. and spectrophotometry. Overall reaction 2{Prl—>C3;H¢+ C;Hs+1:. Rates were un-
affected by I, NO, and HI. Rates by AP and by I, titration. Rate constants reported were for iPrl disappearance (k)
and k,=%k. \

[3] Rates followed spectrophotometrically. Some pressure fall-off below 30 torr pressure.

[4] Rates by AP measurements. lodine was titrated, giving Al,= AP; 3 percent HI was detected as an end product.

[5} Comparative internal rate standards were ¢-BuCl and ¢-BuBr.
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Reaction: 2-Iodobutane (sec-butyl iodide)

—_ CH=~=CHCH,CH; (I)+ HI (V)

CH,CHICH,CH, (D~ cis CH;CH—CHCH, (III)+ HI

AH{o5)
S?298)
2(298)
a
AS° =33.1 g/mole

AH°=20.6 kcal/mole
AC;= 1.3 g/mole

Path log 4 E log k;
(560)
a+b+ec 14.9 47.9 —3.18

——trans CH;CH=CHCH, (IV)+ HI

I IT I 1v A
—14.4 0 -17 27 6.2

89.8 73.6 72.1 70.9 49.3

26.2 20.5 18.9 21.0 7.0
Conditions System Surface References
523-603 °K static none {1] J. L. Holmes and
8-120 °K A. Maccoll, J.
Chem. Soc., 5919
(1963).

(overall reaction stoichiometry: 2RI——I, + C,H,o+ C,Hs)
initial elimination followed by: RI+ HI-2%RH + 1, *

Preferred: log ki p.e=13.65—44.7/6.

Comments: The reported Arrhenius parameters seem high. Transition state estimates (see section 11-1.0)

give:
log k,=13.3-45.0/8
log ky.-=13.1-43.0/6

The calculated values are similar to those of isopropyl idodide, as expected by comparison to the results

of the analogous chloride and bromide reactions.

[1] Rates by AP in initial stages and corresponded to A(L;) titration. Olefin and alkene (CsHs) production determined

by G.L.C.

*Estimates of the decomposition reactions (5+ ) and (a) have been obtained from a study of the back reactions (addition) in a static

Experimental

system between 565 and 606 °K by P. S. Narigia and S. W. Benson, J. Chem. Phys. 41, 530 (1964). Results given were:

Both of the above A-factors are probably too low.

kpic= 101065 X 10-37.5/6 sec™!;
ka= 1012.61 ) 1Q142.7/0 g1,

107



Reaction: 2-Iodo-2-methylpropane (¢-butyl iodide)

1 II I

AHjo(zyg) - 17.3 - 37 62

Stes) 82.4 70.4 49.3

Cavs) 28.3 21.3 7.0
AS° = 37.3 g/mole

AH°= 19.8 kcal/mole
AC;=—0.0 g/mole
log A E log Er Conditions System Surface References
(700)
13.73  38.08 1.83 650-760 °K S. P. Sh. ——— [1] W. Tsang, J. Chem.
< 1% in Ar Phys. 41, 2487 (1964).

[2] See below.

Preferred:
log k=13.73—-38.08/0
log Aes:=13.8 (see section 11-1.0).

Experimental
[1] Comparative internal rate standard was isopropyl iodide.

{2] Reverse addition reaction measured in static system between 474—518 °K by A. N. Bose and S. W. Benson,
J. Chem. Phys. 38, 878 (1963). Calculated rate constant for decomposition was k= 101252 X 10-36-4/6 sec~1. These param-
eters seem too low.
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Reaction: 2-Methyl-2-propanol (¢t-butyl alcohol) .

(CHs)sCOH (I)‘-"(CH3)2C=CH2 (H)+ Hzo (HI)

1 II 111
AH {05 —74.7 —4.0 —57.8
Stss) 779 70.2 45.1
Chsm) 27.3 21.3 8.0
AS° =37.4 g/mole
AH°=12.9 kcal/mole
AC;= 2.0 g/mole
log 4 E log kr Conditions System Surface References
(800)
14.68 65.5+7 -—3.21 778-824 °K static none {11 R. F. Schultz and G. B.
3-325 torr Kistiakowsky, J. Am.
Chem. Soc. 56, 395
(1934).
11.51  54.5 —3.38 760-893 °K static none {2] J. A. Barnard, Trans.
20—400 torr Faraday Soc. 55, 947
(1959).
13.4 61.6 —3.43 1050-1300 °K S. P. shock —————— [3] W. Tsang, J. Chem. Phys.
<1% in Ar 4.0, 1498 (1964).
Preferred:
log k=13.4—61.6/6
log Aes;=13.6 (see section 11-1.0)..
Experimental

[1] Rates determined by AP. Stoichiometry confirmed by analysis of remaining alcohol by refractive index.
[2] Rates by AP. Analysis by G.L.C. confirmed stoichiometry. Added NO had no effect on rates.

[3] Analysis by G.L.C.
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Reaction: 2-Methyl-2-butanol (¢-amyl alcohol)

—£.2-methyl-1-butene (I)+ H;O (IV)

(CH;).C,H;COH b
——2-methyl-2-butene (III)+ H.,O
| 11 1 v
AHfz0s) —178.1 -86 —102  —57.8
Soos) 89.5 81.9 81.1 45.1
Chs) 32.8 26.7 25.1 8.0
a b
AS° =37.5 36.7 g/mole
AH°=11.7 10.1 kcal/mole
AC;= 1.9 0.3 g/mole
Path log4 E log kr <Conditions System Surface References
(770)
a+b 13.52 60 —3.51 757-799 °K static none [1] R. F. Schultz and
19.4-324 torr G. B. Kistiakowsky,
J. Am. Chem. Soc.
56, 395 (1934).
Preferred: log k =13.5-60.0/0
Estimated: (see section 11-1.0).
log Aq=13.5 E.—~E, =2 kcal
log 4,=12.6 log kqtp = 13.0-58.3/6
Experimental

[1] Rates by AP. Refractive index measurements on the remaining alcohol confirmed stoichiometry.
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Reaction: Methanoic acid (formic acid) (a)

Methanoic acid dimer (formic acid dimer) (b)

HCOOH (1)—%-H. (II)+ CO; (III)

(HCOOH), —2-2H,0 (IV)+2CO (V)

AH 4,
?298)
C;(298)
a
AS° =22.9 g/mole
AH°=—5.6 kcal/mole
AC,= 5.1 g/mole
Path leg 4 E log kr
(760)
a 4.8 30.6 —4.00
b 13.6 42.6 1.35
Preferred:

Not reliable.

I
—88.5

59.4

10.8

Conditions

709-805 °K
3-650 torr

tas above)

i 111
0 —94.1

31.2 51.1

7 8.9

System

static

v v
—26.4 —57.8
47.3 45.1
7.0 8.0
Surface
none

References

[1] Sir Cyril Hinshel-
wood, Proc. Roy.
Soc. A255, 444 (1960).

(as above)

Comments: The absence of any appreciable inhibition by isobutene and propylene might be expected,
since formic acid would also be an efficient free radical scavenger. The pressure dependence leading to
postulation of path b would seem more reasonably explained in terms of a free radical chain. It is very difficult
to visualize a geometry of the dimer leading readily to H,O and CO. As for path a, the Arrhenius parameters
are prohibitive for either a unimolecular or a chain process. The most reasonable explanation of the products
is that they arise from reactions at the walls or from H-atom chains or both.

Experimental

[1] Rates of both reactions obtained from AP. M.S. analysis of products. Rates were unaffected by added propylene
and isobutene but slightly accelerated with NO. Surface effects in Pyrex vessels were large and gave 1/2 order kinetics.
Rates reported were for carbon-coated reaction vessels. A linear dependence of the CO formation on the initial pressure
was interpreted in terms of a unimolecular decomposition of the dimer. Based on the monomer pressure,

k(CO)=10746-285/6][mole-sec.
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Reaction: Ethanoic acid (acetic acid)

—2. CH,=CO (ID)+ H,0 (II1)
CH;COOH (I)

— CH, (IV)+ CO: (V)

I II II1 | AY \Y
AHj 98 —-103.7 —14.6 —-578 —179 —9.1
S98) 70.1 57.1 45.1 44.5 51.1
Cieos) 16.0 11.4 8.0 8.5 8.9
a b
AS°=32.1 25.5 g/fmole
AH°=31.3 —8.3 kcal/mole
AC,= 3.4 1.4 g/mole
Path log 4 E log kr Conditions System Surface References
870)
a 12.95 67.5 —4.00 773-973 °K flow small (C) [1] C. H. Bamford and
12.9-166 torr M. J. S. Dewar,
J. Chem. Soc.,
2877 (1949)
b 11.90 62.0 —3.67 (as above) (as above)
Evaluation:

a. Possibly reliable although suspect.
b. Not reliable, probably a free radical chain decomposition or surface reaction.

Comments:
a. The parameters for path a are not unreasonable for a unimolecular four-center reaction; however
any chain process propagated by H-abstraction from the methyl group would lead to ketene + H;O formation.
b. This reaction (b) would involve pentavalent carbon in the transition state and therefore appears
highly improbable. Abstraction of the acidic-H would yield the observed products. A chain process therefore
seems likely for both reaction paths. A study of this reaction in a mixture of normal and deuterated acetic
acid would be useful for distinguishing the molecular and free radical paths of decomposition.

Experimental

{1] Rates determined by conventional gas analysis techniques on the products. Ketene was determined by adsorp-
tion in weakly acidic glycerol. (C) Carbon-coated walls were required for reproducibility. Reaction very surface-sensitive
in clean reaction cells.
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Reaction: 1,2-Ethanedioic acid (oxalic acid)

HOOC—COOH (I) — HCOOH (II)+ CO, (III)

1
AH? 545 —181.6
Stavs) 76.2
AC}098) 20.0
AS° = 34.3 g/mole
AH°=—1.0 kcal/mole
AC;=—0.3 g/mole
logAd E log kr Conditions
405)
11.9 30.0 —4.29 390-420 °K static
0.9 torr
Preferred:

log &=10"-9-30.0/6.

System

1 111
—88.5 —94.1
59.4 51.1
10.8 8.9
Surface References

[1] Gabriel Lapidus, Donald
Barton, and Peter E.
Yankwich, J. Phys.
Chem. 68, 1863 (1964).

Comments: The transition state estimate of 4 for the four-center elimination of CO, gives log A.=12.4

(see section 1I-1.0).

Experimental

[1] Rates determined by AP. Chemical analysis of products checked stoichiometry to = 1.4 percent. (Based on four-

center transition state split out of CO,.)
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Reaction: Propanonitrile (ethyl cyanide)
2. H, (Il)+ CH,=CHCN (I1I)

C,H,CN (I) =2 HCN (IV)+ C:H; (V)
-<. CH, +CH,CN

I I I Iv A%
AHF 08 12.7 0 43.6 323 125
Stos) 68.4 31.2 64.2 48.2 52.5
Chns) 17.3 7 15.3 8.6 10.4
a b
AS°=27 32.3 g/mole
AH°=30.9 32.1 kcal/mole
AC°= 5.0 1.7 g/mole
Path log4 E log kr Conditions System Surface References
(1000)
a 12.4 64.6 —1.72 958-1038 °K  flow none [1] Margaret Hunt,
6.5-15.8 torr J. A. Kerr, and
A. F. Trotman-
Dickenson, J.
Chem. Soc. 5074
(1965).
b 15.0 77.3 —1.90 as above
c 14.1 72.7 —1.79 as above (see bond fission reactions)
Preferred:
Suspect.

Comments: Hydrogen has been observed as a product in all the aniline carrier studies, and its origin ha
not been satisfactorily explained. Yields of hydrogen were not significantly greater in this study as oppose:
to others. Path a cannot, therefore, be taken too seriously. Path b is a possible reaction path; howevel
the A-factor is too high for an elimination reaction. It is more reasonable that both path a and & product
arise from free-radical-induced decompositions of ethyl cyanide:

R-+ C,H;CN — RH+ -CH,CH,CN RH+ C;H, +CN
R-+ C;H;CN — RH+ CH;CHCN —— RH+ CH,= CHCN+ H.

Experimental

[1] Aniline carrier technique. Rates were based on C,H, formation (path b), and H; production (path a). Analyse
were performed by standard gasometric techniques and checked by G.L.C. (See bond fissions for a discussion of path c.
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Reaction: 2-Methyl-2-aminopropane (¢-butyl amine)

I 11 111
AHfo9s) —28.6 —4.0 —11.0
S°e9s) 78.1 70.2 46.0
C'o98) 28.3 21.3 8.5
AS°=38.1 g/mole
AH°=13.6 kcal/mole
AC;= 1.5 g/mole
log 4 E log kr Conditions System Surface References
(790)
14.23 67.0 (—4.27) 771-814 °K static none {1] H. O. Pritchard, R. G.
50-180 torr Sowden, and A. F.

Trotman-Dickenson,
J. Chem. Soc. 546
(1954).

Preferred:
Suspect (see also t-BuNH,— (CH;),C=NH + CH.,).

Comments: Since a chain process seems likely for the parallel decomposition mode of ¢-butyl amine, a
chain process propagated by NH: radicals seems highly probable for this reaction also. The “molecular
split” proposed requires confirmation. The chain processes would be:

Chain initiation: t-BuNH, — ¢-Bu-+ NH, -

1
Chain (1) R+ t'BUNHgg RH+ -CH,—C(CH;).NH;

'CHzC(CH'})zNHz — CH2=C(CH3)_) + NHg .

Chain (2) R-+¢-BuNH, Q, RH+ +-BuNH

t-BuNH —— (CH;),C=NH + CH;-
Experimental
[1] Rates followed by AP and by chemical analysis of the products. A parallel reaction path to form CH,4 and CsH-;N

also occurred. The ratio of ammonia/methane = 1/2.5+ 0.1 over the entire temperature range. Added toluene had
no effect.
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Reaction: 2-Methyl-2-aminopropane (¢-butyl amine)

(CH3)sCNH; (I) — (CH3)C==NH (II)+ CH, (III)

I 11 111
AH})(zgg) - 286 25 - 179
Seos) 78.1 71.3 44.5
Chass) 28.3 20.1 8.5
AS°=37.7 g/mole
AH°=13.2 kcal/mole
AC;= 0.3 g/mole
log 4 E log kr Conditions System Surface References
(790)
14.64 67.0 —3.86 771-814 °K static none [1] H. O. Pritchard, R. G.
50-180 torr Sowden, and A. F.

Trotman-Dickenson, J.

Chem. Soc. 546 (1954).

Preferred:
Suspect.

Comments: This elimination (if unimolecular) would involve pentavalent carbon in the transition state,
which seems unreasonable. A free radical chain propagated by CHj; radicals would vield the expected
products. (See t-butyl amine——>NH3+isobutene.) The absence of an appreciable effect on the rate by
toluene does not exclude a chain process, since the olefin products would also be good radical traps. Chain
processes in the absence of toluene would therefore be the same as those with added toluene. One should
note the similarity of this reaction to the decomposition of neopentane, which is known to be a chain process:
k=1011-7-515/8 (1/moles)'/? sec!, which gives a pseudo first-order rate constant: k=10104-51.5/0 gec-1 and

log k(790) =—3.8.
Experimental

[1] Exact nature of the product C3H;N was not determined. Acetone diphenylhydrazone was obtained from a
solution of C3H;N in dilute sulfuric acid. Rates determined by AP and chemical analysis were unaffected by added
toluene.
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Reaction: Methanoloxime (formaldoxime)

CH;NOH (I) — HCN (II)+ H,0 (III)

AHZ 505)
S(°298)

C;(298)

AS°=29.3 g/mole
AH°=—26.6 kcal/mole
ACy= 3.0 g/mole

log 4 E

log Ekr Conditions

650)

9.5 39.0 —3.61 623-688 °K

69-104 torr

Preferred:
Not reliable as a unimolecular process.

I
0

64

13.6

System

static

11 111
31.2 —57.8
48.2 45.1
8.6 8.0
Surface References
appreciable [1] H. A. Taylor and H.

on clean
surfaces

Bender, J. Chem. Phys.
9, 761 (1941).

Comments: The Arrhenius parameters are prohibitively low for a unimolecular elimination reaction. Observa-
tions of strong catalysis by O, and of surface effects suggest both heterogeneous and radical contributions
to the rate of decomposition. Acetaldoxime decomposition has been shown to be a free radical reaction.
(G. L. Pratt and J. H. Purnell, Trans. Faraday Soc. 58, 692 (1962).)

Experimental

[1] Rates by AP with assumed stoichiometry of 1 — 2. Observed (P¢/P,) = 1.8 — 1.9. Marked catalysis by NO and

by O:. Initial rates were used to obtain the rate constants since the products reacted further to give CO, NH3, and small
amounts of N,, Hp, and C.Hs. The reaction was heferogeneous on cleaned surfaces.
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Reaction: Ethanamide (acetamide)

0
ll a
CHy—C—NH, (I) <

(CH:CO) (I1)+ NH; (III)

b™>CH,CO (IV)+ -NH; (V)

I Il I
AHZ20s) —57.8 —14.6 —11.0
S°a2s8) 69 57.8 46.0
C(298) 15.7 12.4 8.5
a b
AS°=34.8 41.6 g/mole
AH®°=32.2 93.2 keal/mole
ACy= 5.2 4.7 g/mole
Path log4 E log kr Conditions System
(1250)
a+b 14.7 73.4 1.87 1209-1293 °’K flow
9.5-12.0 torr
Preferred:
Suspect.

v A%
—5.6 (41)
64.2 46.4
12.3 8.1
Surface References

[1] Margaret Hunt, J. A.
Kerr, and A. F.
Trotman-Dicken-

son, J. Chem. Soc.
5074 (1965).

Comments: At the very high reaction temperatures employed, a free radical chain decomposition of ethana
mide propogated by the anilino radical (dNH) should occur. Preferrential H-abstraction from the methy
group (expected on bond energy considerations) would lead to the major reaction products, ketene and am
monia. This seems a more likely reaction path than the unimolecular four-center process proposed. Th
thermodynamics of reaction b indicate that the (CO—N) split proposed is rather improbable. An initiatio:
reaction involving a (CO—C) split seems more likely. A four-center elimination with an A-factor of abou

10130 gec—! is probable. In this case E ~ 68 kcal/mole.

Experimental

[1} Aniline carrier technique. Rates were based on the NH; production. Small amounts of Hs, CHy4, and CO wer
also formed. Methane and CO were found in near equal amounts, indicating path & as a minor process. Data were n¢

accurate enough to treat path b quantitatively.
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Reaction: 1,2-Ethanediamide (oxamide)

0
I
Nm—eﬁrwmm—ﬁﬂuum+amam

0
I II 111
AH(298) —95 —57.8 73.6
SCese8) 80.0 45.1 57.9
Chzos) 19.2 8.0 13.6
AS°=68.1 g/mole
AH°=53.0 kcal/mole
AC,=10.4 g/mole
log A E log kr Conditions System Surface References
(680)
10.25 41.4 —3.05 593-763 °K static none [1] F. M. Taylor and L. L.
140-300 torr Bircumshaw, J. Chem.

Soc. 3405 (1956).

Preferred:
Not reliable.

Comments: Arrhenius parameters are much too low for a homogenous unimolecular reaction. The heat of the
reaction exceeds the observed activation energy. The reaction cannot be unimolecular if the thermodynamics
are even close to correct. A free radical chain decomposition or heterogeneous decomposition are the
only reasonable prospects. '

Experimental

[1] Rates determined by AP. (P./Ps)=3.0%0.06. Addition of products did not affect the rate. Added nitrogen

gave unusual effects: small amounts decreased the rate and larger amounts increased it to a constant value. Cyanogen
was estimated by conductometric titrations of the cyanate-cyanide with silver nitrate. (Z. Anal. Chem. 99, 415 (1934).)
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Reaction: Ethanethiol (ethyl mercaptan)

£ C.H, I1)+ H,S (I1I)

C.HsSH (I)

1
AH? 59 —11.0
(298) 71.8
Cho98) 17.2

a b
AS°=299 32.7 g/mole
AH°=18.7 72.2 kcal/mole
ACy= 1.3 2.0 g/mole

11
12.5

52.5

10.4

Path log4 E log kr Conditions

a 13.0 51.2 —0.09 785-938 °K
8P = 0.7 mm Hg
Pr~12 mm Hg
b 13.48 63+1 —2.53 (as above)

1
—4.8

49.2

8.1

System

flow

v A%
25.7  (35.5)
57.8 46.7
12.1 7.1
Surface References

(see below) [1] A. H. Sehon and B.

deB. Darwent, J.
Am. Chem. Soc.
76, 4806 (1954).

Comments: Path a: log ks=13.0—51.5/6; log Aee=13.1 (see section 11-1.0).
Path b: Reported parameters are low. We prefer, log k= 15.5—72.2/6.

Experimental

. [1] The elimination reaction was predominant at the lower temperatures. At the higher temperatures, appreciab
dibenzl was produced, indicating radical production (path ). Some surface dependence was observed in path a at tl
extreme low temperatures. The 4-factors reported were assumed. (See bond fissions for evaluation of path b parameters
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Reaction: 2-Methyl-2-propanethiol (¢-butyl mercaptan)

(CH3);CSH (I) — (CHs)==CH> (II)+ H.S (III)

I II 11
AHZ 45 —26.4 —4.0 —4.8
Staos) 79.2 70.2 49.2
Chiaes) 28.9 21.3 8.1
AS°=40.2 g/mole
AH°=17.6 kcal/mole
AC;= 0.5 g/mole
log 4 E log kr Conditions System Surface References
(1090)
13.3 55.0 2.27 950-1230 °K S. P. shock [1] W.Tsang,J. Chem.
< 1% in Ar Phys. 40, 1498 (1964).
Preferred:
log £=13.4-55.3/6.
log Ae1=13.6 (see section I11-1.0).
Experimental

[1] Rates by G.L.C. analysis.
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Reaction: 2,2-Difluoroethyltrifluorosilane

CHF:CH.SiF; (I)——CHF=CH, (II)+ SiF, (IIL)

I
AHS 05, —406
SCeos 95.0

AS° =32.8 g/mole

AH°=—9.5 kcal/mole

ACp;=—2.1 g/mole

log A E log kr Conditions
460)
12.27  32.72 —3.27 424-494 °K static

10-180 torr

Preferred:
log £=12.27-32.72/6.

System

11
—31.5 —384
60.4 67.4
11.9 17.6
Surface References
< 5% [1] R. N. Haszeldine, P.:J.

Robinson, and R. F.
Simmons, J. Chem. Soc.
1890 (1964).

Comments: Transition state calculation gives log 4., =12.3 (see section 11-1.0).
This cannot be a chain reaction: the A-factor is too high and the activation energy too low; therefore

the four-center molecular interpretation above seems correct.

Experimental

(1] Rates determined by AP. Chemical and L.R. analysis of products confirmed the stoichiometry. Rates unaffectec

by additions of NO and cyclohexene.
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Reaction: 2-Chloroethyltrichlorosilane

CICH;CH,SiCl; (I)——C,H (II)+ SiCL (IIT)

1 11 111
AHRy45) —141 12.5 —152
08y 102.6 52.5 79.1
Chovs) 33.2 10.4 21.6
AS° = 29 g/mole
AH°= 1.5 kcal/mole
AC;=—1.2 g/mole
log 4 E log kr Conditions System Surface References
(650)
11.26 45.5 (—4.04] 629-690 °K static none (11 I. M. T. Davidson, C.
37-50 torr Eaborn, and M. N.

Lilly, J. Chem. Soc.
2624 (1964).

Preferred:
log k=12.3—-48.5/0 (from transition-state calculation of the 4-factor; see section 1I-1.0).

Comments: The rate of formation of the minor product, vinyltrichlorosilane, via a four-center molecular
elimination of HCI] can be estimated (by analogy with the n-PrCl reaction rate) to be an order of magnitude
slower than the observed rate. This is consistent with the experimental findings and tends to support the
molecular mechanism proposed for the overall reaction.

One cannot exclude the possibility that this reaction is a free-radical process, however.

Chain: SiCls-+ C1ICH,CH,SiCl;—— SiCl, + -CH,CH,SiCl3
-CH,CH,SiCls— C,H, + SiCl;:

Such a chain is consistent with the fact that the (Si—Cl) and (C—H) bonds are stronger than the (C—Cl)
and (Si—H) bonds, respectively. Olefins could therefore be very poor traps for silyl radicals, while halogen
abstraction could be very fast and specific.

Experimental

[1] Rates followed by AP. Analysis of products by G. L. C. No effect of NO or cyclohexene. Two parallel first-order
reactions detected by product analysis occurred, producing HCIl+ vinyltrichlorosilane and trichlorosilane+ vinyl-
chloride. Arrhenius parameters could not be obtained for these reactions, although one would expect the former to have

parameters similar to n-propylchloride.
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Reaction: 2-Chloroethylethyldichlorosilane

CICH,;CH; — SiCly(C.H;) (I)—CzH, (I1)+ ClsSiC.Hs (I1I)

I I 111
AH 595 —128 12.5 —135
Stos) 115 52.5 93.0
Coss) 41.6 10.4 29.8
AS° = 30.5 g/mole
AH°= 5.5 kcal/mole
AC; =—1.4 g/mole
log A4 E log kr Conditions System Surface References
(650)
12.26 46.5 —3.37 629-670 °K static none [1] I. M. Davidson and
6—25 torr C. J. L. Metcalfe, J.

Chem. Soc. 2630 (1964).

Preferred:
log k=12.26 —46.5/6
log Aesi=12.3 (see section I1-1.0; however, also see comments on 2-chloroethylirichlorosilane.

Experimental

[1] Rates by AP and G.L.C. analysis of products were unaffected by added propylene. A parallel reaction producing

HCI and CH,;=CHSIiCl,(C;H;) accounted for 10 percent of products. Arrhenius parameters for this elimination were
not obtained.
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Reaction: 2-Chloroethyldiethylchlorosilane

CICH;CH; — Si(C;H;).Cl (I)—C,H, (II)+ (C,H;).SiCl, (III)

I II III
AH294) —111.6 12.5 —118.3
Stags) 127 52.5 105
Ch0s) 50.0 10.4 38.2
AS° = 30.5 g/mole
AH°= 5.8 kcal/mole
AC;=—1.4 g/mole
log A E log kr Conditions System Surface References
(600)
11.88 41.1 —3.09 571-625 °K static none [1] I. M. T. Davidson and

M. R. Jones, J. Chem.
Soc. 5481 (1965).

Preferred:

log £=12.40—42.7/8. However, see comments on 2-chloroethyltrichlorosilane.

Experimental

[1] Rates determined by AP and G.L.C. analysis and were unaffected by added NO or propylene in a greaseless
system. Stopcock grease was observed to promote a heterogeneous reaction.
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Reaction: Ethene

C.H, (H——C:H. AI)+ H, (III)

AHps)
N
Coass)
AS°® =26.7 g/mole
AH°=41.4 kecal/mole
AC;= 7.1 g/mole
log 4 E log kr Conditions
(1550)
8.87 46.5 2.31 1300-1800 °K
(1300)
11.95 65.0 1.03 1170-1425 °K
Preferred:

The reaction must be a chain process.

I
12.5

52.5
10.4

System

S.P. shock

S.P. shock

11 I11
53.9 0
48.0 31.2
10.5 7
Surface

References

[1] G. B. Skinner and

E. M. Sokolski, J. Phys.
Chem. 64, 1028 (1960).

(as above)

Comments: Haugen and Benson (J. Phys. Chem. 71, 1735 (1967)) have recently proposed a free radical
mechanism which accounts for all the experimental data. Such a large change in Arrhenius parameters for

any molecular reaction is unreasonable.

Experimental

(1] Arrhenius parameters changed with the temperature range studied. Analysis by G.L.C. Since the authors
were unable to propose a free radical mechanism with Arrhenius parameters of the order observed, and since they
believed a free radical mechanism could not account for the constant product ratios observed over the wide range of
decompositions studied (i.e., 2 to 95 percent ethylene decomposition), they proposed a molecular split.
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Reaction: Formyl fluoride

HCOF (I—HF (1) + CO (III)

I II 1
AH 508 —64.2 —26.4
A ( ) 41.5 47.3
S298) 7.0 7.0
AH°=
AC,=
log 4 E log k¢ Conditions System Surface References
430) :
2.3 10.0 2,78 378-473 °K static none, in [1] G. Fischer and A. S.
2—-400 torr coated Buchanan, Trans.
reaction Faraday Soc. 60, 378
cells. (1964).
Preferred:

Not reliable; probably heterogeneous.

Comments: The Arrhenius parameters of this reaction are much too low to be reasonable. Reinvestigations
of reactions for molecules of moderate complexity in which electronic state crossover paths have been
proposed have invariably found that the reaction was heterogeneous. (e.g., cis—— trans isomerisation
but-2-ene).

Experimental

[1] Rates based on the pr<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>